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ABSTRACT 
 
 The cytochrome bc1 complex of Rhodobacter sphaeroides in wild-type and several strains 
mutated at the conserved -PEWY- glutamate residue (E272 in chicken, E295 in R. sphaeoroides) 
were characterized in situ to determine the functional role of this residue in the second electron 
transfer of quinol oxidation at the Qo-site.  Previous studies showed that mutation at this position 
resulted to a substantially inhibited electron transfer, while the bypass rates were equal to or less 
than the wild-type strain. In addition, these strains showed resistance to stigmatellin and a 
modest increase in the Km. In this research, the effects of mutation at E295 on the following 
parameters have been studied: catalytic constant, Km; apparent pK values determining rate; 
binding constants for the enzyme-substrate complex, [ES]; the bypass reactions mediated 
through the transient semiquinone intermediate at the Qo-site; pH dependence of Km; and the 
thermodynamic properties of redox cofactors.  Our results could be interpreted in terms of two 
roles for the -PEWY- glutamate: (i) in facilitating electron transfer from semiquinone (QH·) to 
heme bL (low potential b-type heme of cyt b to generate the product quinone (Q); and (ii) in 
catalyzing both the deprotonation of QH· to semiquinone anion, Q· ⎯, and exit of the proton via a 
water channel to the exterior.  
 It has been suggested that inter-monomer electron transfer between the cytochrome bL 
hemes of the bc1 complex dimer is an essential feature of normal turnover. This functional role 
of the dimeric structure is suggested by the relatively short distance between the heme bL centers.  
Although a structural role in aligning the mobile extrinsic domain of the Rieske iron sulfur 
protein (ISP) with catalytic interfaces on cyt b and cyt c1 is now well established on the basis of 
the X-ray crystallographic structures and mutational studies, most previous discussions of 
mechanism have been in the context of a monomeric scheme. We have tested for inter-monomer 
electron transfer by assaying quinol turnover through reduction of cytochrome bH heme in the 
presence of antimycin, and by titrating the Qo-site with myxothiazol inhibitor.  If inter-monomer 
electron transfer could occur at the rate suggested by Moser-Dutton-Marcus analysis, strongly 
bowed titration curves would be expected, which could be readily measured experimentally.  Our 
results show simple linear titration curves, which are not compatible with claims from literature 
regarding the observation of inter-monomer electron transfer between the bL hemes.  
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ABBREVIATIONS 
 
Cyt bc1 complex cytochrome bc1 complex 
Cyt cT   cyt c1 + cyt c2  
Cyt b150  species with Em7 = 150 mV from interaction of SQ with heme bH  
C2 symmetry  unit cell that is symmetric at 180° rotation  
DMSO  dimethyl sulfoxide 
DNA   deoxyribonucleic acid 
ddDNA  double-stranded DNA, dsDNA 
dNTP   deoxynucleotide triphosphate 
ε-ACA  ε-amino-n-caproic acid 
EDTA   (ethylenediamine)-tetraacetic acid 
Em   mid-point potential, biochemist standard redox potential, ܧ°ᇱ 
EtOH   ethyl alcohol, ethanol 
fbc operon  single operon containing a single promoter and  the core complex (ISP,  
   cyt b, & cyt c1) 
ISPox   oxidized ISP, His-161 of ISP (bovine sequence) is deprotonated at Nε 
kcat   turnover number, catalytic constant 
Km   Michaelis constant, binding affinity of substrate 
MOPS   3-(N-morpholino) propanesulfonic acid 
PCR   polymerase chain reaction 
x 
 
PEWY  highly conserved series of residues in cyt b subunit 
pK   log (association constant, KS) 
pKa   log (Ka), Ka is first dissociation constant from His-161 ISPox 
pKb   log (Kb), Kb is second dissociation constant from His-ligand of ISPox 
PMSF   phenylmethanesulfonyl fluoride 
Q   ubihydroquinone, quinone, UQ 
QH2   ubihydroquinol, ubiquinol, quinol 
QH·   semiquinone, neutral semiquinone 
Qi-site   site of ubiquinone is reduced; H+ comes in the site 
QN-site  membrane side of cyt bc1 complex that has negative charge 
Qo-site          site of ubihydroquinone is oxidized; H+ comes out of the site 
QP-site   membrane side of cyt bc1 complex that has postive charge 
Q.-   semiquinone anion 
SDS-PAGE   sodium dodecyl sulfate polyacrylamide gel electrophoresis 
SHE   standard hydrogen electrode 
SQ    semiquinone, QH•, neutral semiquinone 
Vmax   maximum rate, maximum velocity 
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CHAPTER I.  INTRODUCTION 
 
I.1.  Biological Functions of Cytochrome bc1 Complex 
 
 The ubiquinol:cytochrome c oxidoreductase (cytochrome bc1 complex, Complex III) 
family contributes to the major flux of energy in the biosphere through generation of proton-
motive force via the electron transfer chain (ETC) of oxidative phosphorylation.  The enzyme is 
found in the inner membrane of the mitochondria of eukaryotes, in the cell membranes of aerobic 
and photosynthetic bacteria, and in the lamellae of the chloroplast of plants and cyanobacteria.  
The overall mechanism involves oxidation of ubihydroquinol (quinol, QH2) by cytochrome (cyt) 
c, which is a partial reaction of either respiratory or photosynthetic ETCs and provide the 
substrates for the complex.  The exergonic reaction contributes a substantial fraction of the work 
to drive the endergonic synthetic reactions of the cell by generation of a proton-motive force 
(PMF) that is then used to drive ATP synthesis from ADP and phosphate.     
 The cyt bc1 complex functions through a Q-cycle mechanism in which oxidation and 
reduction of ubihydroquinone occurs at two different catalytic sites of the complex – the Qo-site 
for oxidation and the Qi-site for reduction.  The complex avoids a futile mechanism by 
bifurcation of the reaction at the Qo-site so that one electron from each quinol passes to a high 
potential chain, and the other to the low potential chain (hemes bL and bH) connecting the Qo- 
and Qi-sites.  The work available from the first electron transfer is stored in the strongly reducing 
(and unstable) semiquinone (SQ, ܳܪ·) generated as an intermediate at the Qo-site, and used to 
push the second electron across the membrane against the membrane potential to reduce Q or SQ 
at the Qi-site. Since the reduction of Q to QH2 requires two electrons, the Qo-site has to oxidize 
two QH2 to generate one at the Qi-site. The coupling to generate the proton gradient is achieved 
through the release of 4H+ from the oxidation of 2 QH2 on the P-side (positive proton potential) 
of the membrane and the uptake of 2H+ upon reduction of Q on the N-side (negative proton 
potential). The Q-cycle of the bc1 complex operates at high efficiency under normal operation so 
that > 99% the electron flow occurs through the bifurcated pathway. However, with inhibition of 
turnover by antimycin (which blocks exit of electrons from the b-heme chain), or by back-
pressure from the proton-motive force, SQ can accumulate to detectable levels at the Qo-site, and 
results in bypass reactions. In particular, reaction of SQ with oxygen produces superoxide, a 
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precursor for reactive oxygen species (ROS) that cause damage to DNA and proteins, which 
leads to the cellular aging that contributes to many of the diseases of old age, and eventually to 
death (1). 
 
I.2.  Structure and Sequence of Cytochrome bc1 Complex 
 
 The catalytic function of the bc1 complex depends on a core of three subunits: 
cytochrome b (which houses the two quinone-reactive sites and the b-heme chain), the Rieske 
iron-sulfur subunit (ISP, with a [2Fe-2S] cluster), and cytochrome c1 (with heme c1). The three 
subunits show a high degree of sequence homology between mitochondrial and α-proteobacterial 
complexes, and with ISP and the 2-subunits of cyt b of the chloroplast b6f complex. In the b6f 
complex, and in various bacteria besides the α-proteobacteria, cyt c1 is replaced by a heme c 
containing subunit of similar function but different evolutionary origin (cyt f in chloroplasts and 
cyanobacteria).  The three-dimensional structures of cyt bc1 complexes from diverse sources 
(Animalia, Plantae, Fungi, and Prokaryota) have been solved and show a catalytic core that is 
highly conserved.  In the Rhodobacter sphaeroides complex, there are 4 subunits – the 3 subunits 
of the catalytic core and subunit IV of unknown function (not seen in the structures solved to 
date). This more simple architecture (compared to 8-11 subunits in mitochondrial complexes) 
catalyzes the same overall reaction:  
 
 ܳܪଶ ൅ 2ܿݕݐ ܿା ൅ 2ܪேା   ֎  ܳ ൅ 2ܿݕݐ ܿ ൅ 2ܪ௉ା ൅ 2ܪ௦௖௔௟௔௥ ା           (1) 
 
One of the interesting features to emerge from the structural studies has been the mobility 
of the extrinsic domain of ISP, which allows this subunit to ferry electrons through the relatively 
large distance between the Qo-site.  In its ISPox state, the ISPox binds to QH2 that is bound at the 
Qo-site to form an ES-complex; and ISPox also binds the heme c1, forming another kind of ES-
complex (Figure I.1).  Although the acceptor proteins are different, the same mobile domain 
functions in the b6f complex (2).  The mobile extrinsic domain is tethered by an extended loop to 
a transmembrane helical anchor. 
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 The bc1 complex is a homodimer and has C2 symmetry.  The dimer formation has a well 
defined structural role in aligning the mobile extrinsic domain of the ISP for reaction at its two 
catalytic interfaces. The membrane anchor interacts with one monomer so as to allow the mobile 
domain to react with the other (Figure I.1).  
 The Q-cycle mechanism operates in three physical phases – the QH2 substrate is 
amphipathic, with a polar quinol head group, and a strongly hydrophobic tail that prevents 
escape from the membrane lipid phase; the cyt c2 substrate is a small soluble protein operating in 
the P-phase to shuttle electrons to the acceptor; the two quinone-reactive sites are at the 
membrane-water interface on opposite sides of the membrane, which allow equilibration of H+ 
from the aqueous phases with the reactants.  
Although none of the structures has shown a well-defined quinol bound at the Qo-site, 
many different classes of inhibitors that mimic the quinones have been crystallized with the 
complex.  The spatial conformations of these inhibitors, and their interaction with ligands and 
groups within the Qo-site provide models for the ES- and EP-complexes on which reaction 
mechanisms for quinol oxidation have been based (1).   
 Because of the sequence and structural homology of cyt bc1 complexes from 
mitochondria and bacteria, it might be expected that the functional mechanism of the cyt bc1 
complex of R. sphaeroides would be the same as that in mitochondrial counterparts, and this is 
well supported by 40 years of biochemical and biophysical characterization. Any differences 
between the mechanisms can provide understanding on how the bc1 complex has evolved from a 
simple bacterial origin to an organelle in more complex organisms.  It is believed that the origin 
of the mitochondria stems from an endosymbiotic relationship between a respiratory bacterium 
and the proto-eukaryote. The ancestral line was likely a photosynthetic α-proteobacterium, which 
may have adopted an alternative life-style when the atmosphere became aerobic, losing its 
photochemical apparatus and becoming a respiratory bacterium.  
 We study the bc1 complex from the photosynthetic R. sphaeroides, a member of the α-
proteobacteria and a likely descendant from the same ancestral roots. Because the mechanism is 
essentially the same as in the mitochondrial complexes, we can take advantage of many 
attractive features of this system and use it as a model for understanding the anthropocentrically 
more important mitochondrial complexes. The advantages are the simpler structure and 
complementary subunits, the ease of genetic manipulation, and the optically tractable membrane 
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preparations (chromatophores) that form vesicles, trapping cyt c2 inside to provide a fully 
functional photosynthetic apparatus in which the bc1 complex can be activated by flashes of 
light. These properties can be used to study the mechanism of the complex in situ by using flash-
induced kinetic spectrophotometry. We can easily generate mutants in which the changes in 
function can be assayed and be interpreted in light of the structures now available (3).  An 
additional advantage is the presence in the membrane of carotenoid molecules that undergo 
electrochromic absorbance changes (4), providing a built-in voltmeter.  This allows kinetic 
measurements of electrical events, which can be compared with the electron transfer reactions to 
help in understanding the coupling to proton transfer.  
 
I.3.  Mechanism of Cytochrome bc1 Complex 
 
 The cyt bc1 complex functions through a mechanism known as the modified Q-cycle (5-
7) (Figure I.2), a version of Mitchell’s original Q-cycle (8, 9) that is adapted to well-defined 
constraints from studies in the 1980s.  This mechanism was based on constraints established 
from thermodynamic analyses of redox centers, the identification of partial processes and their 
equilibrium constants, the stoichiometry of components, and measured rate constants (1).  The 
mechanism begins with oxidation of ubiquinol (QH2) to ubisemiquinone (QH·) at the Qo-site (Qp-
site), which transfers the electron to the high potential chain (the ISPox, cyt c1+, and cyt c+ or c2+) 
(10-14) coupled to proton transfer to the imidazolate His-161of ISPox (10, 11, 15-19).  The 
ISPHred is released upon oxidation by cyt c1.  The second electron transfer is from oxidation of 
ubisemiquinone (QH·) (18, 20-22) to ubiquinone (Q) at the Qo-site, where the electron is 
transferred to heme bL+ of the low potential chain with release of a proton to the P-phase.  This is 
followed by the electrogenic transfer of the electron from heme bL- to heme bH+ (11, 18, 21, 23, 
24).  Following reduction of heme bH-, the Q at the Qi-site (Qn-site) is then reduced to SQ (or SQ 
to QH2) by heme bH- (25, 26) upon uptake of one proton from the N-phase (20, 27-29).  This 
electron transfer reaction at the Qo-site is known as the bifurcated reaction because it involves a 
branching to two pathways, one through the b-hemes across the membrane (vectorial and 
electrogenic), and the other parallel to the external P-phase of the membrane (scalar) Figure I.2.  
In the uninhibited complex, a second turnover of QH2 oxidation at the Qo-site (5) follows the 
same pathway as the first QH2 oxidation and completes the reaction to reduce SQ to QH2 at the 
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Qi-site.  The bifurcated electron transfer provides an electrogenic reaction that in effect moves 
the electron charge across the insulating phase in the opposite direction to the net proton 
movement, driving the electrical component of the proton motive force.  The rate-limiting step is 
the first electron transfer from QH2 to ISPox, which has a kcat = 1.35 x 103 e / (bc1 · s) at 30°C.  
This is a partial process in the oxidation of QH2 at the Qo-site, leading to reduction of the [2Fe-
2S] cluster, protonation of imidazolate His-161of ISP (13, 18), and formation of the intermediate 
SQ.  The overall reaction of the cyt bc1 complex is shown in equation 1.                           
 
I.4.  Rhodobacter sphaeroides  Cyt bc1 Complex 
 
 R. sphaeroides belongs to the family Rhodobacteraceae, in the class α-proteobacteria, 
and has a remarkably diverse metabolism.  It can grow by aerobic respiration (aerobic 
chemoheterotrophy without light), anaerobic photosynthesis (photoautotropic and 
photoheterotrophic), and heterotrophically (fermentation).   Optimal growth is under 
photoautotropic and photoheterotrophic conditions.  The bc1 complex is constitutively expressed 
and is required for growth under anaerobic photosynthetic conditions, but this requirement can 
be relieved by inclusion of DMSO in the growth medium, which allows reoxidation of the 
quinone pool via DMSO reductase (30). Growth under aerobic conditions does not require the 
bc1 complex, since a quinol oxidase can function to reoxidize the Q pool; under microaerophilic 
conditions, cells can grow without the complex and still express the photosynthetic apparatus. 
These varied set of growth conditions allow us to grow cells containing mutated bc1 complex, 
even when the mutation completely cripples the complex, under conditions in which the 
photosynthetic apparatus is expressed. This makes it possible to use the kinetic protocols that 
depend on photoactivation through the RC, and to explore partial processes in otherwise 
dysfunctional proteins. 
 In R. sphaeroides, there are several regulatory systems that control photosynthetic (PS) 
gene expression as well as genes that are involved in respirations.  These regulators respond to 
oxygen tension, redox states of the ETC, and possibly other redox-related activities of the ETC, 
particularly the electron flow in the cyt bc1 complex and cbb3 cytochrome c oxidase, the oxygen 
sensing protein that controls gene expression of PS genes (30).  For the experiments reported 
here, all cyt bc1 mutations allowed significant turnover of the complex, so R. sphaeroides cells 
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could grow under photoheterotrophic conditions in Sistrom’s medium.  Inoculation of a semi-
aerobic culture medium and consumption of residual O2 led to expression of PS genes to 
generate the photosynthetic apparatus, and to invagination of the intracytoplasmic membranes to 
form chromatophores. On disruption of cells using a French press or sonication, the 
invaginations pinch off to form enclosed vesicles (chromatophores) that incorporate the complete 
cyclic electron transfer chain of bacterial photosynthesis.  The photosynthetic apparatus is 
membrane bound and consists of two light-harvesting (LH) complexes (LH1, or B875 and LH2, 
or B800 – 850), a photochemical reaction center (RC), a cyt bc1 complex, a pool of 
approximately 30 ubiquinone molecules, and a soluble cyt c2 protein (a homologue of the 
classical cyt c of mitochondria).  On average approximately 20 RCs, 10 bc1 complexes, 10 cyt c2 
proteins, and 600 ubiquinone molecules (31) are found in chromatophores isolated from cells of 
wild-type bc1 complex grown in Sistrom’s medium under moderate light, but these ratios are 
distributed stochastically among individual vesicles.  When the bc1 complex is expressed from a 
plasmid containing a tetracycline-resistant gene (tet), and the cells are grown in the presence of 
tetracycline, the complex is overexpressed because the growth depends on the co-expression of 
tet.  Structures of R. sphaeroides photosynthetic membranes revealed by electron microscopy or 
by atomic force microscopy show that the chromatophores form spherical invaginations of the 
inner membrane, about 70 nm in diameter, and most of the proteins are contributed by LH1, 
LH2, and RC (32).  Kinetic measurements can be used to assay the complement of redox centers 
in active photosynthetic chains.  Our chromatophores, from cells derived from R. sphaeroides 
BC17 strain that expresses the bc1 complex from the pRK415 plasmid and grown under 
tetracycline stress, generally show a ratio of about 1:1:1:1 of RC, cyt bc1 complex, cyt c1, and cyt 
c2. 
 Molecular engineering is achieved using the BC17 strain, from which the fbc operon 
(genes encoding Rieske ISP, cyt b, and cyt c1 expressed from a single promoter) of the genome 
was eliminated through replacement by a kanamycin-resistance cassette (33).  This strain is 
therefore viable under aerobic condition but will not grow under anaerobic photosynthetic 
conditions unless the medium is supplemented with DMSO.  Transformation of BC17 with the 
expresssion vector pRK415 plasmid that contains the fbc operon enables BC17 to grow under 
microaerophilic (30, 34) or anaerobic photosynthetic conditions, as noted above. 
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I.5.  Mechanism of Quinol Oxidation at the Qo-site 
 
 The first electron transfer occurs through a proton-coupled reaction with Qo-site bound 
ubiquinol being oxidized by the ISPox.  Transfer of both electron and proton are thought to occur 
from the H-bonding interactions between the hydroxyl group (―OH) of quinol and the Nε of 
imidazolate form of His-161 from ISPox (21, 27).  This mechanism depends on a model for the 
initial ES-complex that is based on the configurations seen in crystallographic structures of cyt 
bc1 complex with different inhibitors bound (stigmatellin, UHDBT, HHDBT, UHNQ, or NQNO) 
at the Qo-site.  The structures show H-bond interactions between the inhibitors and reduced ISP 
(ISPH) at the Qo-site. The H-bond involves the inhibitor as the H-bond acceptor (either –C=O or 
–C‐O-), and the NεH imidazole of His-161 of ISPH as the H-bond donor. This H-bond 
contributes a substantial part of the binding energy holding the ISP extrinsic domain at the cyt b 
interface (1, 12, 35-39), and the interaction pulls the ISPH out of the reaction mix.  This 
increases the apparent Em value of the 2Fe2S cluster, and the binding free-energy can be 
determined from the extent of ΔEm.  The interaction can also be observed as a change in the EPR 
spectrum in the gx band (1).  In the EP-complex, a similar H-bond is formed, with the –C=O of 
ubiquinone as acceptor and the NεH of His-161 of ISPH as donor, observed as the gx=1.800 line 
of the EPR spectrum (27, 40, 41).  In contrast, in the ES-complex, a different H-bond is 
postulated with a reversed polarity, so that the –C-OH group of the ubiquinol serves as H-bond 
donor to the Nε imidazolate of the oxidized ISPox as acceptor (15, 42).  In the inhibitor 
complexes, a second H-bond formed between a –C-OH of the inhibitor, and the –COO- of the –
PEWY- glutamate (E295 in R. sphaeroides) stabilizes the binding.  
It is now well established that the first electron transfer reaction is an endergonic reaction 
because the SQ product is formed with very low occupancy under conditions strongly favoring 
its accumulation.  The reaction proceeds through a proton-first-then-electron transfer process, in 
which the occupancy of the favorable proton configuration is also very low; this low occupancy 
contributes to a substantial fraction of the activation barrier.  Electron transfer from this state 
occurs with a rapid rate constant but a low rate (because of the low occupancy of kinetically 
favorable proton configuration, equation 2 (24)), through an activation barrier determined by a 
reorganization energy in the conventional range. The occupancy of the proton configuration from 
which the electron is transferred depends on the difference in pKs between the quinol donor 
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(pK> 11.5) and the imidazolate acceptor ISPox (pK ~7.6 in the isolated protein) (13).  The 
mechanism has been discussed in some detail elsewhere (43, 44).   
                                                           ߥ ൌ  ݇௖௔௧ ሾ݋ܿܿݑ݌ܽ݊ܿݕሿ                                                      (2)   
 
The overall equation for the Qo-site reaction is:                                                                                    
                           ܳܪଶ  ൅  ܫܵ ைܲ௑  ൅  ݄݁݉݁ ܾ௅  ֖ ܳ ൅ ܫܵܲܪ ൅  ݄݁݉݁ ܾ௅ି  ൅  ܪା                      (3) 
 
The partial reactions are: 
ܳܪଶ ൅ ܫܵ ௢ܲ௫  ֖  ܳܪ· ൅  ܫܵܲܪ               (3a) 
and 
                                               ܳܪ· ൅  ݄݁݉݁ ܾ௅  ֖ ܳ ൅ ݄݁݉݁ ܾ௅ି ൅  ܪା                   (3b) 
 
 The equilibrium constant for oxidation of QH2 (equation 3) is given by Keq = 3.2 at pH 
7.0, but the reaction is normally pulled over to the right by the exergonic reduction of heme bH 
by bL so that SQ is rapidly removed.  Values for Keq for the partial processes, represented by the 
two electron transfer reactions involved in QH2 oxidation (eqs. 3a and 3b), depend strongly on 
the stability of the intermediate SQ.  From recent experimental data (22, 45), Ks has a value at 
pH 9 in the range 10-14 to 10-15, to give (Em(SQ/QH2) – Em(Q/SQ)) ~ 880 mV (46).  With occupancy of 
SQ ~ 0.005, and Em (ISP) ~200 mV, Em(SQ/QH2) is ~380 mV, and with Em for the bound Q/QH2 
couple ~ -60 mV, Em(Q/SQ) would be ~-500 mV, providing a strong driving force for reduction of 
the low potential chain and the electrogenic transfer of the electron to the Qi-site.  
The first electron transfer is the rate-limiting step, with kcat = 1.35 x 103 e⎯ / (bc1·s) (11, 
13, 47, 48).  Because of the coupling to proton transfer, the electron transfer can be thought of as 
an H-transfer event.  The lack of any strong pH dependence of the activation barrier precludes 
involvement of deprotonation of QH2 as the activated step (49-51).  The activation barrier for the 
first electron transfer is equally distributed between the proton transfer event and the electron 
transfer event.  This process can be treated through a Marcus-Brønsted analysis by adapting a 
scheme for kinetic complexity suggested by Davidson (52) to the proton-coupled electron 
transfer (1, 53) as shown in scheme 2.  The calculated rate, from the electron distance traveled of 
7Å (24) (Figure I.3) using the distance dependence of Moser et al. (54), is more than three orders 
of magnitude faster than the measured rate (1).  In an earlier attempt to account for the low rate 
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observed, Hong et al. (18) used a high reorganization energy (λ = 2.0 eV) which was in line with 
the high activation energy barrier (18) but could not be accounted for in the structures available. 
Following a suggestion by Graige et al. (55), Crofts et al. (43, 53) applied a simplifying 
assumption to the quantum mechanical Marcus-type treatment of proton-coupled electron 
transfer suggested by Cukier and Nocera (56); the rates of H+ transfer along H-bonds are so rapid 
that the distribution of the H+ could be treated in terms of occupancy of the state from which the 
electron could transfer using a Brønsted probability term, 10-(pKdonor – pKacceptor),  rather than 
through explicit rate constants and the quantum mechanical treatment in (56). 
 Starting from Davidson’s treatment of “coupled electron transfer”, 
Scheme 2      
       ܣ௢௫ ൅  ܤ௥௘ௗ ௄ವ ሯሰ  ܣ௢௫ ڮ ܤ௥௘ௗ 
݇௫֞
െ݇௫
 ሾܣ௢௫ ڮ ܤ௥௘ௗሿ##  
݇ா்֞
െ݇ா்
 ܣ௥௘ௗ  ڮ ܤ௢௫                     
where 
݇ா் ا  ݇௫      ܭ௫  ൬ ݇௫െ݇௫൰ ا 1     ݇௟௜௠ ൌ  ܭ௫ · ݇ா்     ߣ௢௕௦ ൌ ݂ሺߣா், ߣ௫ሻ 
 
                                                                ݇௖௔௧ ൌ ܭ௫ · ݇ா்                                                          (7) 
 
                               ݇௖௔௧ ൌ exp൫Δܩ௣௥௢௧௢௡ · ܨ ܴܶൗ ൯ ൈ ݇௢ · ݁ݔ݌൫Δܩா#் · ܨ ܴܶൗ ൯                          (8) 
 
where ko is the intrinsic rate constant of electron transfer with no activation barrier.  Introduction 
of the Moser-Dutton term for ko, and the Brønsted term for the proton distribution in equation 8, 
and converting to log10 form, gives: 
 
             ݈݋ ଵ݃଴ ݇௖௔௧ ൌ 13 െ  ఉଶ.ଷ଴ଷ ሺܴ െ 3.6ሻ െ  ߛ 
ሺ∆ீಶ೅೚  ା ఒಶ೅ሻ
ఒಶ೅ െ  ሺ݌ܭொுଶ െ  ݌ܭூௌ௉௢௫ሻ              (9)   
                     
where 13 is the maximal rate given by the vibrational frequency, 3.6 Å is the van der Waals 
contact distance (at which the maximal value would apply), β = 1.4 is the slope of the Moser-
Dutton relationship between log10k and distance of electron traveled, R is the distance in Å, γ is 
either 3.1 if the Hopfield approximation used by Moser-Dutton is applied, or 4.23 if a classical 
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Arrhenius barrier is assumed (as in Marcus’ treatment).  ∆ܩா்௢  (in V) is the driving force for the 
electron transfer step, and  ߣா் is the reorganization energy (also in V). 
 
I.6.  The Qo Binding Site(s) 
 
 The Qo-site seen in X-ray crystal structures of the bc1 complex is a bi-lobed binding site, 
which could in principle pack in two QH2 head-groups, but access from the lipid phase is by a 
narrow channel in which the tails would overlap, so occupancy by two UQ-10 molecules is 
unlikely.  The site has substantial plasticity in accommodating group I and II inhibitors, many of 
which are of pharmacological importance. The set includes many analogues of the native 
ubihydroquinol substrate, and their derivatives.  The Qo-site is accessible from the lipid phase of 
the membrane through a constricted channel.  This channel accommodates the hydrophobic tail 
of the inhibitors of the complex, and, since inhibitors of one class displace those of the other, it is 
thought that occupancy is restricted to one “tailed” inhibitor at a time.  Although one of the 
published structures (1NTZ) contains coordinate data for a bound quinone at the Qo-site, this has 
not been discussed in any publications, and the high B-values suggest a low degree of confidence 
in the model.  
Several mechanisms of quinol oxidation at the Qo-site have been proposed, which take 
advantage of this spacious site, including double-occupancy models.  It has been claimed that 
two quinones can be dissociated by inhibitors of the Qo-site (57), and that two different gx lines 
in the EPR spectrum of ISPH have been seen during partial extraction of ubiquinone, 
representing two different quinones occupying the site with different affinities (58-60).  In this 
model, proposed before structures became available, the authors suggest a strong binding 
interaction between the quinol bound at the distal site (relative to cyt bL heme) and ISPH (QOS 
species) while the other quinol bound at the proximal site is readily dissociable (QOW species).  
Furthermore, the two quinol turnovers at the Qo-site are accomplished using the two bound 
quinols, without any exchange with the quinol pool in the membrane.  However, the QOS species 
was claimed to have a much higher affinity, and the QOW species a similar affinity with that of Q 
at the Qi-site or the QB-site of RC (both of which are seen in structures), so the failure to see a 
significant density for Q at the Qo-site argues against double occupancy.  In addition, mutations 
that differentially affect the affinity of inhibitors binding in the different volumes have no similar 
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effect on the differential affinity of QOS and QOW, as judged by the EPR spectrum; this also 
militates against double occupancy (1).  The double occupancy model is in contrast to the single 
occupancy model discussed above (section I.5), in which the ES complex is a metastable state 
requiring weak interactions.  It is unlikely that such a state could be captured in a 
crystallographic structure since it is formed only transiently, out of equilibrium with the ambient 
redox poise.  
  
I.7.  Pathway for Proton Exit on Oxidation of Semiquinone at the Qo-site 
 
An additional feature shown by structures with different inhibitors bound on the Qo-site 
of cyt bc1 complex was the different conformation of the –PEWY- glutamate (Glu-272 in 
chicken, Glu-295 in R. sphaeroides) of the cyt b subunit (Figure I.4).  In the native complex 
(with no occupant) and that with myxothiazol (or other MOA-type inhibitors), the carboxylate of 
Glu-272 points towards heme bL and H-bonds to a water chain leading to the P-side aqueous 
phase.  In the stigmatellin inhibited complex (see introduction section I.5), the carboxylate group 
H-bonds with a hydroxyl group of the inhibitor, and, together with two water molecules, the Glu-
272 occupies most of the volume of the Qo-site in which myxothiazol would sit (Figure I.4).  The 
different orientations involve a rotation of ~150o of the side chain, and see-saw motion of the –
PEWY- loop; therefore, in the myxothiazol structure, the end of the Qo-site proximal to heme bL 
is opened up, and the channel through which ISP accesses the occupant is closed down (10) 
(Figure I.4).  On this basis, Crofts et al. (21, 27) suggested that the glutamate might be involved 
in transfer of a proton out of the site during transfer of the second electron, and he also 
speculated on movement of the SQ in the site to bring it closer to heme bL (to the myxothiazol-
occupied domain), thus providing a substantial increase in rate constant for electron transfer.  In 
contrast to the well characterized proton pathway for the proton in the first electron transfer, the 
proton pathway for the second electron transfer is still controversial, and it is one of the topics 
investigated in this thesis.  
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I.8.  FIGURES 
 
 
 
Figure I.1.  Cytochrome bc1 complex structure (PDB 1PP9). 
 
 The complex is shown as a monomer.  The orange ribbon structure is the Rieske ISP at the cyt b 
interface with yellow [2Fe-2S].  The green ribbon structure is the cyt b subunit with heme bL and bH as the 
low potential chain (ball-and-stick structure).  The cyt c1 subunit is shown at the P-phase with heme c 
cofactor. 
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Figure I.2.  The modified Q-cycle mechanism of cyt bc1 complex. 
 
 Quinol turnover at the Qo-site in blue arrows and at Qi-site in white arrows are shown.  The high 
potential chain consists of the Rieske iron-sulfur protein (which consists of [2Fe-2S] cluster), cyt c1 
(redox cofactor heme c1), and mobile soluble cyt c (cyt c2 in R. sphaeroides, redox cofactor heme c or c2).  
The low potential chain consists cyt b (redox cofactors heme bL and bH).  P-phase is the positive phase 
where protons are released as shown by two red curvying arrows at the bottom figure.  N-phase is the 
negative phase where protons are removed as shown by two red curvying arrows at the top of the figure.  
Myxothiazol, stigmatellin, and antimycin inhibitors are shown at the location of the inhibiting sites of the 
Qo and Qi-sites.  Electron transfer is shown blue arrows.  Two parallel arrows for the electron transfer are 
for two quinol turnovers at the Qo-site. 
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Figure I.3.  Configurations of the Qo-site involved in electron transfer.  (Reprinted from Biochimica et 
Biophysica Acta (BBA) – Bioenergetics, 1757/8, Crofts, A.R. et al., Proton pumping in the bc1 complex: 
A new gating mechanism that prevents short circuits, 1019-1034, (2006), with permission from Elsevier.) 
 Left: The first electron transfer occurs through the 7 Å distance shown between QH2 and the 2Fe-
2S cluster of ISP, with the constraints discussed in the text.  Immediately after the electron transfer, the 
intermediate QH· would be in a similar configuration, but with the reduced 2Fe-2S cluster dissociated so 
as to liberate both ISPH and SQ for subsequent movement. 
 Right:  The mobilized SQ has passed a proton to the –PEWY-glutamate (Glu-272 in chicken 
numbering), the side chain of which has rotate so that the carboxylic acid group contacts a water chain 
leading to the P-side aqueous phase.  The Q·- is now close enough to heme bL to deliver an electron 
rapidly, even at the low occupancy of SQ suggested. 
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Figure I.4.  X-ray crystal structures of the cyt bc1 complex with inhibitors at the Qo-site, showing 
bifurcated volume of the Qo-site:  top, stigmattelin containing complex;  middle, myxothiazol containing 
complex; and bottom, MOA-stilbene complex.  Structures show Glu-272 cyt b and His-161 of ISP in 
different positions.  (Reprinted with permission from Crofts et al. Biochemistry 38, 15807 – 15826, 
(1999) American Chemical Society.)  
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CHAPTER II.  EXPERIMENTAL PROCEDURES 
 
II.1.  Materials 
 MOPS, KCl, deoxyribonuclease, ribonuclease, MgCl2, PMSF, ε-ACA, Na2S2O4, 
Fe+3EDTA, KCN, K3Fe(CN)6, and antimycin were from Sigma. Pyocyanine, methyl viologen,  
flavin mononucleotide, duroquinone, phenazine ethosulfate, and N-methyl phenazonium 
methosulfate were from Sigma Chemicals.  Diaminodurine (DAD), 2-hydroxy-1,4,-
naphthoquinone, and 1,2-naphthoquinone were from Aldrich Chemicals.  Anthraquinone and 
anthraquinone-2-sulfonic acid were from Ralph N. Emanuel LTD.  1,4-naphthoquinone was 
from BDH Laboratories.  1,4-benzoquinone was from EASTMAN Chemicals.  2,5-dimethyl-p-
benzoquinone was from KODAC Chemicals. 
II.2.  Plasmid Vectors, Constructions, Bacterial Strains, and Growth Conditions 
 The pGBH6B plasmid is 6388 bp and derived from pGB11BH6 parental plasmid, which 
is constructed from a pUC19 cloning vector, and the whole fbc operon of R. sphaeroides (34).  
This plasmid includes six histidines tagged on the C-terminus of cyt b, the upstream HindIII and 
the downtream EcoRI restriction enzyme sites on the fbc operon, and the ampr gene (Figure II.1). 
The plasmid modified operon is able to restore wild-type properties of the BC17, a strain of R. 
sphaeroides bearing deletion of the whole fbc operon (33). 
  
 Bacterial Strains and Growth Conditions – E. coli strains were grown in Luria-Bertani 
(LB) plate at 37°C or 5 ml Luria-Bertani (LB) broth overnight at 37°C and 225 rpm.  The 
plasmid pGBH6B was maintained in E. coli DH5α in the presence of ampicillin (100 μg/ml).  
The plasmid pRK415 with fbc (Figure II.2) was maintained in E. coli DH5α in the presence of 
tetracycline (5 μg/ml).  R. sphaeroides strains were grown aerobically (61) or photosynthetically 
(61, 62) at 30oC in Sistrom medium in the presence of tetracycline (2 μg/mL) and kanamycin (20 
μg/mL) for strains expressing the pRK415 with fbc.   
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II.3.  Chromatophore Preparation 
 
 R. sphaeroides cells were grown photosynthethically as previously described (61, 62).  
Four or two 5 liter scale cultures were grown for 3 to 5 days or until cell growth was in log 
phase.  Cells were harvested by concentrating the culture to 1/5 the original volume using a cell 
concentrator.  The culture was centrifuged at 6,500 x g for 15 - 20 min.  Cells were washed by 
resuspending in 50 mM MOPS pH 7.0, 100 mM KCl at 1/2 the volume of the concentrated 
culture.  Resuspension was performed by manual swirling, vortexing, and aspiration with a 
pipette.  Washed cells were centifuged at 6,500 x g for 15 - 20 min.  Centrifugation was 
performed at 4°C.  Cells were resuspended in 50 mM MOPS pH 7.0, 100 mM KCl at 1/150 of 
the original culture volume by manual swirling, vortexing, and aspiration with a pipette.  After 
resuspending/homogenizing, cells were stored at 4oC overnight prior to French press process.  
Prior to the French press, several crystals of deoxyribonuclease and ribonuclease (Sigma), and 10 
mM MgCl2 were added to 35 ml of homogenized cells and mixed with the cells by vortexing.  
The cells were kept on ice (when purifying cyt bc1 complex add PMSF and ε-ACA (Sigma) 
protease inhibitors) prior to French press.  Cells were disrupted in a chilled French press cylinder 
at 850 psi (reading gauge at high position) in the dark.  The disrupted cells were kept in the dark 
and chilled until the following procedures.  Unbroken cells were removed by centrifugation at 
26,892 x g (15,000 rpm) for 30 min at 6oC.  The supernatant was decanted to clean centrifuged 
tubes and centrifuged at 26,892 x g (15,000 rpm) for 30 min at 6oC.  Chromatophores in the 
supernatant were isolated by centrifugation at 118,000 x g (40,000 rpm) for 90 min at 4oC.  The 
pellet (chromatophores) was resuspended using a fine-hair brush in 50 mM MOPS pH 7.0 and 
100 mM KCl buffer and diluted to twice the starting volume for washing.  Washed 
chromatophores were isolated by centrifugation at 118,000 x g (40,000 rpm) for 80 min at 4oC.  
Chromatophores were resuspended in a minimum amount of 50 mM MOPS pH 7.0 and 100 mM 
KCl buffer using a fine-hair bursh.  After resuspending, a final concentration of 30 – 50% 
glycerol was added to the chromatophore sample (35 ml of homoginized cells gives 10 ml 
chromatophore sample in glycerol).  The chromatophore sample was aliquoted into 1.5 ml 
eppendorf tubes and stored at -80oC.  Chromatophores retained activities after several freezing at 
-80oC and thawing.  Chormatophores were stable at 4oC for a week.   
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II.4.  Flash-Induced Kinetic Spectrophotometery 
 
 Kinetic rate was measured in a redox cuvette as described in Holland (63) using a 
homemade single-beam spectrophotometer as previously described (64).  The reaction was 
maintained in an anaerobic condition by continuous flow of moist argon gas over the reaction 
solution.  The outlet of the argon gas was connected to an inline oxygen trap to remove 
contaminating oxygen, and gas flow was monitored through a bubbler containing water to 
saturate the gas with water vapor.  An oxygen strip was on the bubbler to detect possible oxygen 
leakage.  The potential of the reaction was continously measured using a platinum/calomel 
electrode pair (homemade), and a pH meter as the potentiometer.  The reaction was performed in 
the dark, under constant stirring (except during measurement), at 20°C or 24oC, pH 7.0 (for 
typical reaction), and an ambient potential of 100 mV (vs SHE) (for typical reaction), where the 
quinol oxidation is close to maximal at 30% reduced quinone pool.  The potential was 
maintained by addition of a minimum amount (1-5 ul) of cold concentrated sodium dithionite 
(Na2S2O4) in buffer. The temperature of the reaction was maintained by circulating water bath on 
the cuvette chamber.   
 The reaction cuvette was primed by deoxygenation of reaction buffer through bubbling 
with moist argon gas under constant stirring for at least 30 min at 24oC.  Chromatophores were 
added to a 1 ml buffer.  Using a Hamiltonian syringe, half of the supernatant of the 
chromatophores was added to the reaction cuvette under steady flow of argon gas passed over 
the sample to maintain anaerobic condition, and this is followed by sequential addition of 
uncoupler, ionophores, antimycin, mix A mediators and mix B mediators to the reaction.  
Sequential addition of chemicals was done from more polar to more hydrophobic chemicals.  
Using the same syringe the other half of the chromatophore supernatant was added to the 
reaction in order to wash the remaining chemicals out of the syringe.  Using the same syringe, 
buffer was added to adjust the reaction to a total of ~ 6.00 ml.  The uncoupler and ionophore that 
were used are 10 μM valinomycin and 10 μM nigericin to eliminate contributions from 
electrochromic carotenoid changes to the kinetic traces.  The concentration of mix A mediators 
in the reactions consisted of 2 - 5 μM each of pyocyanine, methyl viologen, phenazine 
ethosulfate, N-methyl phenazonium methosulfate, diaminodurine (DAD).  The mix B mediators 
in the reaction consisted of 2 - 5 μM each of anthraquinone-2-sulfonic acid, 2-hydroxy-1,4,-
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naphthoquinone, anthraquinone, duroquinone, 1,4-naphthoquinone, 1,2-naphthoquinone, 2,5-
dimethyl-p-benzoquinone, flavin mononucleotide, 1,2-naphthoquinone, and 1,4-benzoquinone.  
Antimycin at 10 μM was added to inhibit the Qi-site.  Following these additions, the reaction was 
deoxygenated by flowing argon gas on top of the reaction solution under constant stirring (top 
and bottom stirring) for at least 30 min at 24oC.  Following the deoxygenation, 500 μM 
Fe+3EDTA (and in some cases 1 mM KCN was also added) was added to the reaction, and the 
reaction was equilibrated for 10 min under constant stirring.   The Ferric EDTA was used as a 
redox buffer, and KCN was used to inhibit cytochrome c oxidase.  The potential of the reaction 
was adjusted by incremental additions of Na2S2O4 (dithionite) in buffer or K3Fe(CN)6 in H2O.  
After each addition of dithionite or ferric cyanide, the reaction was equilibrated for 6 min before 
adding more of it or starting the kinetic reaction.  Kinetic traces were recorded at 542, 551, 561, 
566, 569, and 575 nm with four or six averages per wavelength following saturating flash 
excitation by Xe lamp (5 μs at half-height).  The number of flash used was varied depending on 
the experiments.  The total acquisition time per trace was 10, 20, 50, 100, or 500 ms or 1, or 5 
sec depending on the experiment.  The instrument response time was 10, 30 or 150 μs depending 
on the experiment.  A dark period of 90 or 120 sec was used between traces to allow the system 
to relax back to its ground state. 
 The concentration of antimycin in EtOH was measured at 320 nm, using extinction 
coefficient of 4.8 mM-1 x cm-1.  
 Platinum/calomel electrode pair was standardized in ZoBell’s solution. 
 
II.5.  Optical Equilibrium Redox Titration 
 
 Optical redox titration of the redox cofactors of cyt bc1 complex was performed in situ 
using chromatophores strains and measured by optical scanning spectrophotometry.  The 
spectrophotometer was homemade with a white LED light source, double monochrometer, a 
photomultiplier detector, and a logarithmic amplifier as described in Holland (63).  The 
spectrophotomer was runned in Labview 8.5 software (National Instruments) as described in 
Holland (63).  The reaction was set up in the same fashion as in the flash-induced kinetic 
spectrophotometry using the same reaction vessel.   
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 The reaction solution was prepared in 6 ml buffer containing 100 mM KCl.  A typical 
reaction contained ~ 2.83 μM bc1 complex (measured by reduced minus oxidized spectra), 10 
μM nigericin, 10 μM valinomycin, 20 μM each of the mediators as described previously, 1 mM 
KCN (optional), 100 μM Fe+3EDTA, and unless indicated no antimycin was used.  If antimycin 
was used, 10 μM was added.  The reaction was performed in the dark at 20°C.  The redox 
titration was performed from oxidized to reduced state, while the opposite direction was 
sometimes necessary and gave the same results.  The potential was adjusted by incremental 
addition of small amount of cold concentrated sodium dithionite or ferric cyanide.  The reaction 
was allowed to equilibrate for at least 5 min after each addition of dithionite or ferric cyanide, 
and before scanning the spectrum of the redox titration reaction.  Absorbance measurements 
were collected over a wavelength range of 520 to 580 nm at every 1/16th of a nanometer step 
during the scan.  At each point, an average of 31 measurements was taken.  Acquisition of each 
spectrum took approximately 2.5 sec in between measurements, and a shutter blocked the light 
beam in between scan (63).     
 Redox titration curve fitting – Each scanning absorption spectrum was smoothed using a 
band-block filtering as described in Holland (63) and the curves were smoothed by successive 
averaging and baseline substraction of isobestic points of bL and bH  (573 and 543 nm) in 
Labview 8.5.  Absorbance difference spectra were processed in OriginPro 6.1 (Microcal 
Software, Inc, Northampton, MA) using scripting language.  Absorbance difference spectra were 
acquired from ΔA566-A575 - 0.5(ΔA561-A569) for cyt bL (65), ΔA561-A569 for cyt bH (64), ΔA551-
A542 for cyt cT (64), and ΔA560-A540 for cyt bL, bH, b150 (63).  Absorbance spectra were baseline 
corrected from mediators changing absorbance during redox titration.  Titration curves were 
fitted to a Nernst equation using one, two, or three n=1 or varying n values Nernst components.  
Spectra for bL, bH, cT, and b150 were generated by fitting all of the spectra at each wavelength to a 
Nernst equation solution using 3 or 4 n=1 Nernst components.  This fitting is what we call the 
modified Meinhardt/Crofts fitting (63, 66).  The heme bL spectrum was fitted into two Lorentzian 
shaped curves. 
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II.6.  Figures 
 
Figure II.1.  Plasmid pGBH6B construct.  This plasmid is use for mutation construction and selection.   
 
 
 
Figure II.2.  Plasmid pRK415 with fbc operon.  This plasmid has transposable genes that allow transfer to 
R. sphaeroides by conjugation.  
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CHAPTER III.  Studies on Inter-Monomer Electron Transfer Between bL Hemes of   
      Dimeric Cyt bc1 Complex 
 
III.1.  ABSTRACT 
 The cytochrome bc1 complex operates through a modified Q-cycle mechanism, and the 
main parameters are well characterized.  However, a role for the dimeric nature of the complex 
has been controversial, with several groups suggesting a necessary involvement of the inter-
monomer electron transfer between cyt bL hemes that is expected to be rapid at the distance 
between them. We have investigated this possibility in chromatophores from Rhodobacter 
sphaeroides using wild-type and six strains mutated at Tyr-199 of cyt b, which provides the most 
probable path for such an electron transfer.  Inter-monomer electron transfer could be tested by 
myxothiazol titrations of the Qo-site turnover in the presence of antimycin, assayed through 
reduction of the bH hemes.  Inter-monomer electron transfer would allow reduction of both bH 
hemes through the Qo-site of either monomer; inhibition by myxothiazol at one Qo-site should 
not prevent reduction of both bH hemes, so that strongly bowed titration curves are predicted.  
Our results show no indication of the convex titration curve expected in any of the strains. 
Instead, the rate or amplitude of quinol oxidation as a function of myxothiazol concentration 
showed linear titration curves, expected from a monomeric mechanism.  Moreover, 
thermodynamic properties of the redox centers, and the rates of electron transfers showed only 
minor deviations between wild type and the mutants, suggesting that, although the spectral 
properties of the bL hemes were slightly modified, these mutations do not significantly alter any 
physicochemical parameters that determine electron transfer rate. 
 
III.2.  INTRODUCTION 
 
 The ubiquinol:cytochrome (cyt) c oxidoreductase (bc1 complex) family carries a major 
fraction of the flux of energy in the biosphere, generating proton motive force by means of redox 
coupled electron tranfer in oxidative phosphorylation and photophosphorylation.  The modified 
Q-cycle mechanism of the bc1 complex (5-7) has been well characterized and is shown in Figure 
III.1.  The central mechanistic feature is the reaction at the Qo-site where oxidation of ubiquinol 
(QH2) occurs in a bifurcated reaction.  The first step is a proton-coupled electron transfer to the 
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oxidized Rieske iron-sulfur protein (ISPox), and then to the rest of the high potential chain (10-
14) (cyt c1+, and cyt c+ or c2+, and terminal oxidant), coupled to proton release (10, 11, 15-19), 
leaving ubisemiquinone (SQ) at the Qo-site (also called the QP-site).  The second electron 
transfer is from the intermediate SQ (18, 20-22) to the low potential chain (hemes bL+ and bH+) 
(11, 18, 21, 23, 24), in an electrogenic process that leads to reduction of Q to SQ (or SQ to QH2) 
at the Qi-site (Qn-site) (25, 26).  Oxidation of QH2 to Q at the Qo-site leads to release of 2H+ to 
the protochemically positive P-phase, and reduction of Q to QH2 at the Qi-site is accompanied by 
uptake of 2H+ from the N-phase (20, 27-29).  Because the electron transfer reaction is bifurcated, 
two turnovers at the Qo-site are needed to complete one turnover of the complex in the overall 
reaction.  The rate-limiting step is the first electron transfer from QH2 oxidation (13, 18), which 
has a kcat ~ 1 x 103 e/ bc1 / s.   
 The normal forward electron transfer is well explained by a modified Q-cycle that 
functions independently in each monomer of the dimeric complex. The functional role of the 
dimeric nature of the enzyme could be attributed simply to a structural role arising from the 
mobility of the ISP extrinsic domain in electron transfer from Qo-site to heme c1. The 
transmembrane helical anchor of ISP from one monomer aligns the extrinsic domain containing 
the 2Fe-2S cluster for interaction with the redox centers in the other (35, 36).  However, a 
question arises as to whether electron transfer can occur between monomers across the cyt b 
interface at the level of heme bL, where the distance between centers is appropriate for rapid 
electron transfer (Figure III.2), and several labs have claimed to demonstrate such an inter-
monomer electron transfer (67-70).  Using a simple Marcus-Moser-Dutton approach (54, 71), 
calculated electron transfer rates (Table III.1) are rapid compared to the rate-limiting reaction, so 
a rapid electron transfer between the hemes bL is expected.  We can recognize that competitive 
processes might lead to observed rates lower than those calculated, but the lower values 
previously suggested were based on distances to the conjugate tetrapyrrole ring system (72).  
Inclusion of the vinyl groups, which are also conjugated to the ring, lowers the distance and 
increases the calculated rate ~250-fold, bringing expected rates into the range of turnover or 
faster.  
 In order to test this hypothesis, we followed the kinetics of quinol oxidation at the Qo-
site, following flash-activation of the complex via the reaction center, through heme bH reduction 
in the presence of antimycin.  This inhibitor of the Qi-site blocks the electrons from leaving bH so 
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that electrons from the Qo-site after the first and second flashes accumulate in heme bH and heme 
bL respectively.  We probed inter-monomer electron transfer by measuring rates and amplitudes 
of heme bH reduction as a function of myxothiazol concentration in titration of the Qo-site.  
Since, if electron transfer between monomers occurred, the bH heme of the monomer that is 
inhibited by myxothiazol could still be completely reduced through inter-monomer electron 
transfer from the other (uninhibited) monomer, and this would yield a convex titration curve at 
the mid-point of the titration.  We tested chromatophores from R. sphaeroides of wild-type and 
Tyr-199 mutants using this method.  We chose Tyr-199 mutants because Tyr-199 lies in the most 
probable direct path for inter-monomer electron transfer (Figure III.2).  However, for wild type 
and six Tyr-199 mutants, the linear curves found were those expected for a monomeric Q-cycle 
mechanism.  Moreover, the redox titrations showed that mutating Tyr-199 of cyt b did not 
significantly change the mid-point potentials of the redox centers and the initial rate constants (k) 
of quinol oxidation, suggesting the physicochemical properties that determines electron transfer 
rate were not significantly altered by the mutations.  Our results do not support the suggestions 
from other labs to have demonstrated inter-monomer electron transfer (67-70).  The non-linear 
titration curves reported by other labs could be explained by Kroger-Klingenberg type 
mechanism, an effect if the partial process titrated was not rate-limiting.  In light of the expected 
inter-monomer electron transfer rates from the Moser-Dutton treatment, our results are 
paradoxical, and we discuss possible ways to resolve the paradox. 
 
III.3.  EXPERIMENTAL PROCEDURES  
 
A.  Materials  
 Primers for mutation Y199C of cyt b were synthesized at MWG Biotech (High-Point, 
NC).  E. coli DH5α competent cells were purchased from the Cell Media Facility at the 
University of Illinois.  HindIII and EcoRI restriction enzymes, dNTP mix, 10X PCR buffer – 
MgCl, MgCl, and Taq DNA polymerase were acqiured from Invitrogen (Carlsbad, CA).  Pfu 
Turbo DNA polymerase, Dpn I restriction enzyme, and 10X reaction buffer were from 
Stratagenes’s (La Jolla, CA).  Valinomycin, nigericin, MOPS, KCl, KCN, ferric EDTA, ferric 
cyanide, DMSO, sodium dithionite, Mg2SO4, NaCl, I2, KI, Trizma base, glycerol, and lauryl 
sulfate sodium salt were from Sigma Aldrich (St. Louis, MI).  Glycine was from Arcos Organics.  
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Phosphatidyl choline (1-Palmitoyl-2-Oleoyl-sn-Glycerol-3-Phosphocholine) was from Avanti; 
DM (dodecyl maltoside or n-Dodecyl-β-D-Maltopyranoside) was from Anatrace.  12% Tris-HCl 
gel (SDS-PAGE gel systems of Bio-Rad), bromophenol blue was from EASTMAN Chemicals.  
Methanol, ethanol and glacial acetic acid were from Fisher Chemicals. 
B.  Site-Directed Mutagenesis and DNA Sequences 
 Mutation of cysteine residue at position Tyr-199 of cyt b was introduced into the plasmid 
pGBH6B using primers Y199C-Fwd (5’-CGC TTC TTC TCG CTG CAC TGC CTG CTG CCC 
TTC CTG ATC-3’) and Y199C-Rev (5’-GAT CAC GAA GGG CAG CAG GCA GTG CAG 
CGA GAA GAA GCG-3’) by polymerase chain reaction (PCR)-based mutagenesis using 
ddDNA of the plasmid.  A 50-μl PCR reaction contained 100 ng of dsDNA template, 200 ng of 
the primers (0.4 μM), 0.5 mM dNTP mixture, 1X Pfu reaction buffer (Stratagene), and 2.5 units 
Pfu-turbo DNA polymerase (Stratagene).  The PCR parameters were 1 cycle of 96°C for 1 min, 
and for 20 cycles of 96°C for 1 min, 55°C for 1 min, and 68°C for 14 min. The amplified DNA 
from the PCR reaction (pGBY199C) is treated with 5 units of Dpn I restriction enzyme prior to 
transforming into E. coli DH5α.  Plasmid from transformants of selected colonies were isolated 
using QIAprep spin miniprep kit (Qiagen, Valencia, CA) and digested with HindIII and EcoRI 
enzymes.  The HindIII – EcoRI pGBY199C fragment was purified using QIAquick gel 
extraction kit (Qiagen).  The DNA sequence of the mutation was confirmed by DNA sequencing 
(Core DNA Sequencing Facility at the University of Illinois).  The purified HindIII-EcoRI 
pGBY199C fragment was subcloned into HindIII-EcoRI digested pRK415 backbone and ligated 
in a 5 μl reaction with 1 μl T4 DNA ligase using rapid DNA ligation kit (Roche Applied Science, 
Indianapolis, IN).  The ligated DNA was transformed into E. coli DH5α.  Plasmids from the 
transformants of selected colonies were isolated using QIAprep spin miniprep kit.  Because 
pRK415 plasmid is a low copy number (about 2-3 plasmids per cell), the plasmid was digested 
with restriction enzymes HindIII and EcoRI, and was PCR amplified with appropriate primers to  
400 bp fragments for sequencing analysis.  The PCR reaction contained 5 μl of the HindIII-
EcoRI digested pRK415 with fbc operon, 3 mM MgCl2, 1X PCR buffer, 0.5 mM dNTP mix, 250 
ng of each of forward and reverse primers, and 5 units of Taq DNA polymerase.   The PCR 
thermocycle parameters used were 1 cycle of 96°C for 3 min, 29 cycles of 96°C for 1 min, 61°C 
for 1 min, and 72°C for 1 min, and a 1 cycle of 72°C for 5 min.  The PCR 400 bp amplified 
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fragment was purified using QIAquick gel extraction kit.  The DNA sequence of the 400 bp 
amplified fragment is confirmed by DNA sequencing.  The purifed plasmid pRK415 containing 
the fbc operon Y199C mutant was transformed into E. coli S17-1 (73) and the plasmid from the 
transformed colonies was purified by QIAquick gel extraction kit, and the its PCR amplified 400 
bp fragment was confirmed by DNA sequencing.  Purified pRK415 containing fbc operon 
Y199C mutant was introduced into R. sphaeroides by conjugation with E. coli S17-1 as 
described by Yun et al. (33) except E. coli bacteriophage T4 was not used. 
   All other mutations and primers for Y199T, Y199-T insert, Y199S, Y199L, and Y199W 
mutants were constructed according to Kuras et al. (74), but with appropriate primer sequence of 
the mutation site.   
 
C.  Pre-Steady State Kinetics  
 
 Flash-induced kinetic spectrophotometry – Myxothiazol titration of the Qo-site of cyt bc1 
complex was performed in situ using the chromatophore strains and measured by flash-induced 
kinetic spectrophotometry.  The reaction was performed in the dark under constant stirring 
(except during measurement) in pH 7.0 buffer, at 20°C, and a potential of 100 mV (vs SHE), 
where quinol oxidation is close to maximal at 30% reduced quinone pool, and the high potential 
chain was completely reduced, before flash illumination.  The potential was maintained by 
adding small amount of concentrated sodium dithionite in pH 7.0 buffer.  The reaction vessel 
was primed by deoxygenating 4.70 ml of 50 mM MOPS, pH 7.0, 100 mM KCl (buffer A) 
through bubbling with moist argon gas under constant stirring for at least 30 min.  The 
chromatophore was added to a 1 ml buffer A and vortexed, and the sample was centrifuged in a 
benchtop microfuge at 6,000 rpm for 6 min to remove any precipitants.  Half of the supernantant 
of the chromatophores was added to the reaction vessel under steady flow of argon gas passed 
over the sample to maintain anaerobic condition, and using the same syringe, this is followed by 
addition of 10 μM valinomycin, 10 μM nigericin, 2 – 5 μM mix A & B mediators, and 10 μM 
antimycin.  A total of ca. 6.00 ml reaction solution and 102.5 – 192 nM of the bc1 complex were 
used in the reaction.  The reaction was deoxygenated by flowing argon gas on top of the reaction 
under constant stirring for at least 30 min.  When the reaction was fully deoxygenated, 500 μM 
Fe+3EDTA and 1 mM KCN were added to the reaction and equilibrated for 10 min under 
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constant stirring.  The potential was adjusted to 100 mV (vs. SHE) by addition of small amount 
of dithionite solution followed by equilibration for 10 min before starting the reaction.  Kinetic 
traces were recorded at 561, 566, 569, and 575 nm with four averages per wavelength following 
saturating flash excitation by Xe lamp (5 μs at half-height).  A total of two flashes at 20 ms 
interval per trace were used to probe the inter-monomer electron transfer.  The total acquisition 
time acquired per trace was 50 ms.  The instrument response time was 150 μs.  A dark period of 
90 sec was used between traces to allow the system to relax back to its ground state.  The 
reactions were performed from zero to increasing concentration of myxothiazols. 
 The working stock concentration of myxothiazol in EtOH was measured by absorption at 
313 nm and using extinction coefficient of 10.5 mM-1 x cm-1.  The concentration of antimycin in 
EtOH was measured at 320 nm and using extinction coefficient of 4.8 mM-1 x cm-1.  
 
D.  Purification of Cytochrome bc1 Complex of Wild-type and Y199 – C and W Mutant  
      Strains 
 
 Purifications of cytochrome bc1 complex of wild-type, Y199C and Y199W mutants from 
the chromatophores were achieved using the method from Kuras, et al. (34). 
 
E.  Oxidation of Disulfhydryl Groups of the Isolated bc1 Complex Y199C Mutant 
 
 0.0094 M I2 was dissolved in 4% KI in a reaction vial and vortexed until the iodine was 
solubilized into solution. The I2 solution was transferred into a glass amber vial.  Four different 
reactions to oxidize cysteines pairs to disulfide bonds consisted of 7.5 μl of 0.0094 M I2 (71 
nmoles), 0.2 mg of bc1 complex Y199C mutant (measured from bH concentration) in buffer A, 
pH 6.8, which has about 18 nmoles of reduced components, 1 μg/ml phosphatidyl choline, and 
0.01%, 0.1%, 0.5%, or 1% DM (n-Dodecyl-β-D-Maltopyranoside).  Two negative control 
reactions consisted of 7.5 μl of 0.0094 M I2 (71 nmoles), 0.2 mg of bc1 complex wild-type in 
buffer A, pH 6.8, 1 μg/ml phosphatidyl choline, and 0.5 or 1% DM.  The reactions were 
incubated at 0°C for 30 min.  Non-oxidize isolated bc1 complex of Y199C and wild-type were 
run with iodine treated bc1 complex samples in a non-reducing SDS-PAGE to determine 
formation of disulfide bonds between Y199C monomers.         
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F.  SDS-PAGE Analysis of Disulfide Bonds on an Isolated bc1 Complex Y199C Mutant 
 
   Non-reducing SDS-PAGE was carried out using precasts 12% Tris-HCl gel (SDS-PAGE 
gel systems of Bio-Rad) in running buffer containing 25 mM Tris pH 8.3, 192 mM glycine, and 
0.1% (w/v) SDS.  The isolated bc1 complex was prepared in 50 mM Tris-Cl pH 6.8, 2% (w/v) 
SDS, 10% (v/v) glycerol, and 0.1% bromophenol blue.  Reducing SDS-PAGE was run at the 
same time as the non-reducing SDS-PAGE except addition of 100 mM DTT was added to the 
protein sample. The samples were incubated at room temp for 5 min.  The gel was run at 200 V 
at constant voltage for 36 min.  Proteins were stained in Coomassie brilliant blue and destain in 
MeOH/Acetic Acid.  Gel densitometry was performed using ImageJ 1.40g (NIH, USA).     
 
G.  Data Analyses and Plots in Probing the Inter-monomer Electron Transfer 
 
 We followed inter-monomer electron transfer between hemes bL by measuring heme bH 
reduction in the presence of antimycin to prevent heme bH oxidation.  The heme bH at the 
monomer of the myxothiazol inhibited Qo-site should be reduced through inter-monomer 
electron transfer between the bL hemes from the electron transfer at the Qo-site that is 
uninhibited.  At 100 mV potential (vs. SHE), where 30% of the quinone pool is reduced, the rate 
of reduction of cyt bH is determined by the rate-limiting step, quinol oxidation at the Qo-site (5, 
48).  Since the predicted rates for the inter-monomer electron transfer using the Marcus and 
Mosser-Dutton equations are thousands fold faster than the rate-limiting step, we can probe the 
inter-monomer electron transfer through heme bH reduction.  The percent of reduced cyt bH was 
calculated from the kinetic trace generated from ΔA561-A569 for cyt bH (64, 65) as a function of 
reaction time, and using the intensity signals, ∆ூூ , of the kinetic trace to calculate the amplitude of 
the signal or the initial rate of the reduction.  The initial rate of the reduction of cyt bH was 
calculated using 1/time of the intersect of the slope of the intial rate at the maximum amplitude 
after 1st and 2nd flash.  The statistical simulation of the titration of the Qo-site with myxothiazol 
was programmed using Visual Basic 6.0 (Microsoft Corp.) to compare the effect of inter-
monomer electron transfer versus intra-monomer electron transfer on the titration curve.   
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III.4.  RESULTS 
 
A.  Chromatophore Expression, Isolation and Mutation  
 
 The wild-type and six Tyr-199 mutants of cyt bc1 complex grew normally and healthy 
under aerobic and photosynthetic growth conditions.  Chromatophore strains of the bc1 complex 
used in the kinetic spectrophotometry and the redox titration had a minimum of 1:1:1.2:1.2 of cyt 
bH: RC: cyt c1: cyt c2 respectively, and a maximum of 1:1.5:1.8:1.8 of cyt bH: RC: cyt c1: cyt c2 
respectively.   
 
B.  Kinetics of the Myxothiazol Titration at the Qo-sites  
 
 The titration of the Qo-site with myxothiazol inhibitor was investigated in order to probe 
inter-monomer electron transfer through the hemes bL.  Myxothiazol is a Qo-site inhibitor that 
blocks quinol oxidation by binding to the Qo-site that is proximal to cyt heme bL, preventing the 
second electron transfer from SQ oxidation by heme bL.  In the presence of the Qi-site inhibitor 
antimycin, the rate of quinol oxidation can be measured through the reduction of heme bH using 
flash-induced kinetic spectrophotometry.  Quinol turnover of the Tyr-199 cyt b mutants and 
wild-type bc1 complex were measured in order to determine the effects of hydrogen bonding 
(Y199- T and S mutants), aromatic rings pi interactions (Y199W mutant), and covalent linkage 
of the disulfide bond (Y199C) on the inter-monomer electron transfer, and whether these 
interactions would create a through path and increase the inter-monomer electron transfer 
through the cyt bL hemes compared to wild-type and Y199L mutant strains.  Tyr-199 cyt b is a 
conserved residue and lies in the most direct path between the hemes bL.  At increasing 
myxothiazol concentration, the initial rate and amplitude of the kinetic trace of heme bH 
reduction after the first (0 to 20 ms) and second (20 ms to 45 ms) flash decreased for all strains 
as shown on the plot of percent of reduced bH versus myxothiazol concentration (Figure III.4B 
top right and bottom figures).  Each of the kinetic trace after first or second flash followed a 
monophasic curve and no biphasic character (eg. Figure III.4A), which was also seen in heme bL 
reduction (data not shown).  The catalytic constants of the quinol oxidation for the bc1 complex 
strain were 447, 443, and 415 s-1 for wild-type, Y199- S and L mutants respectively, which are 
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the typical turnover number for wild-type strain; however, Y199- T, T-insert, W, and C mutants 
had approximately 2 folds lower quinol turnover number at 247, 208, 244, and 206 s-1 
respectively (Figure III.4A and Table III.2).  
 
C.  Titration of the Qo-sites with Myxothiazol Show No Evidence of Inter-monomer  
      Electron Transfer between Cyt bL Hemes   
 
 If inter-monomer electron transfer occurs, cyt bH reduction at the monomer that has Qo-
site is inhibited by myxothiazol should be completely reduced from quinol turnover at the other 
monomer of the dimer that is uninhibited at the Qo-site in the presence of antimycin as described 
in Figure III.3.  We tested inter-monomer electron transfer on chromatophores of the bc1 
complex of wild-type and mutants of Tyr-199 (cyt b), where this residue lies in the most direct 
path between the bL hemes at 10.54 Å distance between the closest π conjugated system (Figure 
III.3).  The short distance between the hemes bL, the difference in free energy between the hemes 
bL, and any reasonable reorganization energy, λ, contribute to the calculated  microseconds inter-
monomer electron transfer rate constants (Table III.1), faster than the rate- limiting step of kcat = 
1.35 x 103 e⎯ / (bc1·s), and detectable by kinetic spectrophotometry.  Figure III.4B shows the 
fraction of reduced bH as a function of myxothiazol concentration.  The reduction of bH was 
measured using the amplitude of the kinetic rates at 561 – 569 nm (Figure III.4A).  The results 
show that the titration of the Qo-site with myxothiazol measured through reduction cyt bH 
showed linear curves for all strains (Figure III.4B.  top right and bottom figures).  Quinol 
turnover reactions were measured at pH 7.0, 20°C, and 100 mV (QH2 oxidation rate close to 
maximal).  Cyt bc1 concentrations of strains were from 102 – 192 nM.  Figure III.4B shows that 
the titrations of Qo-sites with myxothiazol after the first flash exhibited linear curves for wild-
type and Y199 mutants.  Reduction of cyt bH was measured for a duration of 20 ms after the first 
flash.  Titration of the Qo-sites with myxothiazol after the second flash also showed linear curves 
for wild-type and Y199 mutants; measurement was taken using the same system and conditions 
as the first flash kinetic rates, but the cyt bH reduction was measured for a duration of 20 ms that 
is after the second flash (20 - 40 ms on Figure III.4A).  Thus, the titration of the Qo-sites with 
myxothiazol for all strains exhibited linear curves, expected for a monomeric Q-cycle 
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mechanism and not a bowed or convex curve for quinol turnover consisting of inter-monomer 
electron transfer as shown on the simulated titration curve in Figure III.4B, top right. 
 
D.  Mutations at Tyr-199 (Cyt b) Did Not Significantly Alter the Physicochemical  
      Properties that Determine Electron Transfer Rate   
 
 Redox titrations of redox centers (cyt cT, cyt bH, cyt bL, and cyt b150) of the cyt bc1 
complex of wild-type and Y199 mutants were performed using chromatophores and a dual 
monochrometer scanning optical spectrophotometry at equilibrium, 20oC and pH 7.0 buffer.  
Absorbance difference spectra were acquired from ΔA566-A575 - 0.5(ΔA561-A569) for cyt bL, 
ΔA561-A569 for cyt bH, ΔA551-A542 for cyt c1, and ΔA560-A540 for cyt bL, bH, and b150.  The mid-
point potential for cyt cT was acquired by fitting the redox titration measured at ΔA551-A542 into a 
Nernst equation using one n component, and varying n value Nernst component by iterative 
fitting of the equation.  Mid-point potentials for cyt bL, cyt bH, and cyt b150 were acquired by 
fitting the redox titration measured at ΔA560-A540 into a Nernst equation using three n 
components, and varying n values Nernst components by iterative fitting of the equation.  The 
Nernst equation using four or five n components, and at fixed n values Nernst components were 
also fitted to the redox tiration measured at ΔA560-A540 in order to see if any species other than 
the redox centers were contributing to the redox titration.  Only the three n components Nernst 
equation fits the titration curves, suggesting no other species other than the redox centers (bL, bH, 
& b150) significantly changed oxidation states.   
 In addition, a different way of calculating the mid-point potential from the titration curve 
was performed using the Meindhardt/Crofts fitting.  This is done by fitting all of the data 
(spectra) at each wavelength to a Nernst equation solution using 3 or 4 n=1 Nernst components, 
and this showed similar results as the first fitting method.  This calculation/fitting was done by 
iterative fitting of the equation with initial freedom to the values of the potentials and n Nernst 
components until good fits were established to set the potentials into fixed values and obtain the 
final spectra of the cofactors (63).  Table III.2 shows the measured mid-point potentials of the 
redox components of the cyt bc1 complex of wild-type and Tyr-199 mutant strains.  These have 
similar mid-point potentials, which are consistent with the theoretical mid-point potentials for 
these cofactors from the wild-type strain.  Because the mid-point potentials of the redox centers 
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of Y199 mutants and wild-type strains are similar, these mutations at Tyr-199 cyt b did not 
significantly alter the physicochemical properties that determine the electron transfer rate.  
However, Y199- T, T-insert, W, and C mutants had lower intial rates of quinol oxidation for 
these mutant strains, which are unexplainable. 
 
 E.  Mutation at Tyr-199 (Cyt b) Slightly Modified the Double α-Bands Peaks of Cyt bL.   
 
 The spectrum of cyt bL was generated from the redox titration plot and by fitting all of the 
spectra at each wavelength to a Nernst equation solution using 4 n=1 Nernst components.  This 
fitting not only calculates the mid-point potentials of the redox centers, but also generates the 
spectra of the redox components.  Figure III.6 shows the spectra of cyt bL of the bc1 complex 
wild-type and Y199 mutants.  Spectra of other redox components (bH, b150, and cT) are not shown 
but look similar to the spectra of these redox components from the wild-type strain.  The 
mutations at Tyr-199 near the histidine ligand of heme bL slightly modified the α-band peaks of 
cyt bL as shown in Figure III.6.  These mutants exhibited significant broadening of the α-band at 
557.7 nm and were slightly red shifted for the higher energy transition for Y199- S and W 
mutants as summarized in Table III.3.  In addition, the lower energy transition for Y199- L, T, 
and W were slightly blue shifted than the wild-type.  These results are consistent with the 
reduced minus oxidized spectra of the cyt bL from these strains as shown in Figure III.7. 
 
F.  Purification of the bc1 Complex 
 
 Purified cyt bc1 complex wild-type and Y199C were achieved by His-tagged purification 
using Ni-NTA resin at 89% purity as determined by reducing SDS-PAGE, gel densitometry, and 
reduced minus oxidized spectra of the cyt c1, cyt bL, and cyt bH.  Approximately 9.6 mg/ml of 
Y199C and 12.9 mg/ml of wild-type cyt bc1 complex were purified in 1:1:1 ratio of cyt b: cyt c1: 
ISP for Y199C and 1:1.30:1 for wild-type (data not shown). 
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G.  Oxidation of Disulfhydryl Groups of Y199C Mutant was Inhibited Possibly by            
      Structure and Chemical Properties of the Distal Groups at the Mutational Site   
 
 Oxidation of disulfhydryl groups of the purified Y199C cyt bc1 complex by iodine 
oxidation was unsuccessful as determined by non-reducing SDS-PAGE and gel densitometry 
(data not shown).  Addition of detergent n-Dodecyl-β-D-Maltopyranoside to open up the cavities 
of the structure did not allow oxidation by iodine.   
 
III.5.  DISCUSSION 
 
      We tested the inter-monomer electron transfer between cyt bL hemes in situ using 
chromatophores that had at least 1:1:2 ratio of RC: cyt bH: cyt cT, which is sufficient for one 
quinol turnover at the Qo-site.  In our experiments at Eh,7 ~100 mV, this gives a ~30% reduced 
quinone pool (with a total of 30 quinones in the pool per 1 cyt bc1 complex, this gives ~10 
QH2/bc1 complex), fully oxidized b-hemes, and fully reduced high potential chain (ISP, cyt c1, 
and cyt c2).  At every flash, about 1 oxidized cyt c2 was generated from RC.  Cyt bH heme 
became reduced after each flash and remained reduced in the presence of antimycin for the 
duration of 50 ms.  Cyt bL heme was not reduced until after the second flash because of its low 
Em,7 (Eo’) -90 mV.  In the presence of antimycin, we could assay for inter-monomer electron 
transfer through reduction of cyt bH hemes by titrating the Qo-site with myxothiazol, which 
blocks quinol oxidation at the Qo-site. The driving force for inter-monomer electron transfer 
depends on flash number; driving forces are ΔEm = 0 mV (Table 1) after first flash and ΔEm > 60 
mV (Table 1) after second flash.  The inhibition by myxothiazol involves competitive 
displacement of the QH2 substrate, possibly with a fractional occupancy by QH2, but with 
complete blockage of the electron transfer from semiquinone QH· to heme bL at the Qo-site.  The 
difference in driving force arises because, in centers without myxothiazol, the putative inter-
monomer electron transfer in complexes with both b-heme chains initially oxidized would 
involve electron transfer between heme bL centers, both unaffected by the coulombic penalty of a 
reduced heme bH.  Therefore, both bL hemes have the same potential (with ΔEo’ = 0).  After 
turnover and oxidation of QH2, heme bH in any open centers would be reduced; thus, on 
reoxidation of the high potential chain following a second flash, oxidation of a second QH2 at the 
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site would reduce heme bL, but now heme bL has an operating potential influenced by a 
coulombic repulsion from ferroheme bH.  This changes Em of heme bL in the open center by -60 
mV, but not that in the blocked center, with a consequent increase in driving force.  The rate 
constants calculated for the inter-monomer electron transfer 4.08 x 105 s-1 to 6.51 x 106 s-1 (Table 
III.1) depend on choice of algorithm.  Values shown are generated using either the Moser-Dutton 
equation with a Hopfield approximation (γ = 3.1) or using a classical Marcus treatment of the 
Arrhenius term (γ = 4.23).  Because these rates are much faster than the rate-limiting step kcat = 
1.35 x 103 e⎯/ (bc1 · s), cyt bH reduction through the inter-monomer path would be expected to 
occur at the rate-limiting reaction at the Qo-site and be readily detected (Figure III.4B, top right).  
If a rate constant slower than the rate-limiting step determined inter-monomer transfer, it would 
be reflected in biphasic kinetics of heme bH reduction.  Using the above rationale, we tested for 
inter-monomer electron transfer by titrating the Qo-site with myxothiazol, and observing the 
kinetics and extent of reduction of heme bH after one or two flashes.  Our results show in all 
cases that the percent of bH heme reduction is a linear function of myxothiazol concentration, 
expected for a monomeric Q-cycle and not a convex or bowed titration curve that is expected for 
inter-monomer electron transfer.  In addition, each of the kinetic traces from the titration 
exhibited a simple curve with no obvious biphasic contribution, suggesting that only one type of 
mechanism of cyt bH reduction was occurring.  Moreover, if any structural rearrangement 
consequent of the mutation or on introduction of an extra residue occurred, it did not introduce 
any pathway for electron transfer between the monomers.  Other through-bond paths involving 
cyt bL could be possible besides the most direct path we tested; however, these paths would 
involve longer distances and have lower expected rate constants for electron transfer and operate 
only under special circumstances.  Obviously, if the inter-monomer electron transfer rate was 
much slower than the measured rate, it would not play a significant role in the modified Q-cycle 
mechanism under optimal conditions because intra-monomer electron transfer is substantially 
faster.  It would be interesting to determine if inter-monomer electron transfer plays a role in 
defective cyt bc1 complex such as those mutants that have higher cyt bL electron occupancies 
(63).  Perhaps such function could provide an alternative mechanism to cyt bc1 complexes that 
are in aberrant mode.  Mechanisms that could compete with inter-monomer electron transfer in 
our study would be bypass reactions (75), but these are normally only a small fraction of the 
forward rate even in antimycin-blocked conditions.    
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 It will be obvious that our results represent a paradoxical outcome since inter-monomer 
electron transfer is expected from the rate constants calculated on the basis of distance using a 
Moser-Dutton approximation.  Indeed, several groups have claimed to measure such electron 
transfer and proposed elaborate schemes that differ from the simple modified Q-cycle by ad hoc 
proposals for cross-monomer control mechanisms.  As previously noted (7), the Moser-Dutton 
approach removes consideration of the quantum mechanical effect on the intrinsic rate constant, 
but work from Beratan’s group (76, 77) has suggested that while in many cases the simplification 
is justified, there are circumstances in which the rate constant can be orders of magnitude less 
than expected from distance.  In these cases, a path-integral approach shows that destructive 
interference effects lead to cancellation of paths.  If this sort of effect occurred for the inter-
monomer path, it might explain our observations.  
 In contrast to our results showing a lack of inter-monomer electron transfer activity in 
wild-type and the Y199 mutants, Covian and Trumpower (67) have interpreted their experiments 
as showing rapid electron transfer between monomers when the cytochrome bc1 complex dimer 
is reduced through the Qo-site, and Castellani et al. (78) have recently claimed to demonstrate 
this function (and eliminate the alternative monomeric Q-cycle mechanism) in experiments using 
a constructed system in which two copies of the bc1 complex can be expressed together in 
Paracoccus denitrificans.  They have used this construct to express both wild-type and mutant 
complexes (Y147S), in which the mutant complex is substantially inhibited in turnover of the 
Qo-site.  Since the two copies have different tags, heterodimers can be selected by appropriate 
use of affinity columns.  They then prepare heterodimeric complexes that are either homo- or 
hetero-functional at the Qo-site; - either homo-functional wild-type or the double Y147S/Y147S 
mutant, or the hetero-functional wild-type/Y147S mutant.  Because of the need to isolate the 
complexes, the assay was performed on the detergent solubilized cyt bc1 complex in a mixed 
micellar preparation, and the kinetics were measured using stopped-flow mixing.  They 
demonstrated that, in contrast to the monophasic exponential curves found in wild-type, the 
heterodimeric wild-type/Y147S mutant had a biphasic exponential curve for the pre-steady state 
reduction of cytochrome c1.  They interpreted this result as due to inter-monomer electron 
transfer between the hemes bL.  In the double Y147S/Y147S (cyt b) mutant, a more complex, but 
substantial slower kinetics led to reduction of cyt c1.  They suggested that inter-monomer 
electron transfer through the hemes bL occurs when oxidation of quinol at one of the monomer 
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Qo-site is prevented by accumulation of electrons in cytochrome c1 and Rieske protein;  
furthermore, they suggested that this inter-monomer electron transfer is manifested through the 
N centers (Qi-sites) interaction with semiquinones, and this interaction has the ability to 
communicate intrinsically, but undefined processes, with the Qo-sites so that one of the Qo-site 
becomes active while the other Qo-site is prevented from activity by the accumulation of 
electrons in the cyt c1 and Rieske protein.  The biphasic exponential curve that was seen in the 
reduction of cyt c1 from the heterodimeric wild-type/Y147S mutant can be explained by a 
monomeric mechanism.  A simple fitting of curves shows that the biphasic exponential curve 
could be accounted for by the independent function of the two cyt bc1 monomers.  By taking half 
the curve for the dimer with the fast quinol turnover (double wild-type), and adding it to half the 
curve of the double Y147S mutant, a good fit is obtained to the curve of the hetero-functional 
dimer (Figure III.8).  The main argument they make is in the context of kinetics of heme b and c1 
reduction measured in the presence of antimycin.   
 Covian and Trumpower (67) had previously shown that, in native bc1 complex, the 
reduction of heme bH observed on addition of decyl UQ to the antimycin inhibited complex 
represented both hemes bH of the dimer; this reduction was approximately 2-fold greater than the 
reduction of heme c1 and occurred with faster kinetics. This was claimed to demonstrate that 
reduction of heme c1 could occur in only one monomer of the dimer, indicating that the Qo-site in 
the other was inoperative, and that both the b-hemes must therefore be reduced through the open 
one by inter-monomer electron transfer.  Castellani et al. (78) demonstrated a similar behavior in 
their three different dimer constructs, interpreted through the same model.  In the case of the 
hetero-functional wild-type/Y147S mutant, only the wild-type monomer was assumed to 
function but reduced both hemes bH and c1 with kinetics similar to those of the homo-functional 
wild-type.  The kinetic behavior seen in these experiments is essentially the same as that 
discussed 27 years earlier in the context of the kinetics in R. sphaeroides that led to the modified 
Q-cycle model (5, 6).  The effect reflects constrains form the equilibrium constants for the 
overall Qo-site reaction that come into play when 1 QH2 has been oxidized.  This uses up the 
higher potential acceptors in both chains, so that oxidation of the second QH2 occurs against a 
low equilibrium constant that effectively prevents significant turnover.  This effect is intrinsic to 
the Qo-site mechanism and has more recently have been explored in a stochastic simulation (12) 
that showed an excellent fit to the kinetics of heme bH reduction (in the presence of antimycin) is 
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dependent only on the distribution of electrons in the high-potential chain according to Keq 
values from measured ΔGo' values.  Although the exact values for the thermodynamic parameters 
are not known for the P. denitrificans complex, it seems likely that the proportionality of 
reductions of cyt bH to cyt c1 of 2 to 1 can be explained by a similar equilibrium model.  Since 
the model is dependent only on parameters intrinsic to the Q-cycle model, values for which have 
been established over 30 years of work in several different labs, it certainly represents a more 
natural explanation than that offered by Covian and Trumpower (67).  However, one feature of 
the reduction kinetics of heme b and c1 reduction in the presence of antimycin is not explained 
by a monomeric mechanism. This is the identical kinetics seen in the heterodimeric and the 
native homodimeric complexes.  But, if the mechanism they propose is to explain these kinetics, 
it requires an additional ad hoc hypothesis, - that the communication between the sites in the 
heterodimeric complex “talks” only to the Qo-site of the crippled monomer, leaving the native 
monomer as the only active one. 
 Castellani et al. (78) also reproduced the convex titration curves seen on measuring 
steady state kinetics with antimycin (67, 79).  These have also been interpreted in terms of an 
electron exchange by inter-monomer electron transfer (67) though the model used has been 
criticized (7).   An alternative explanation offered by Bechmann et al. (79), in terms of an 
exchange of antimycin between sites when a fraction of sites remains uninhibited, provides a 
more natural model, fully compatible with a monomeric function. 
 Our results also do not support the suggestion from other labs to have demonstrated inter-
monomer electron transfer (67-70).  Although experimental protocols were different, we believe 
our own experiments represent the more direct approach.  First, our experiments were performed 
on the complex in situ using chromatophores membranes with a fully functional photosynthetic 
apparatus.  This is in contrast with the other labs where in vitro experiments that use detergent 
solubilized isolated bc1 complex were reported.  The in situ experiment also make use of the 
endogenous native substrate, ubihydroquinone-10, as apposed to decyl-ubiquinol in micellar 
suspension used by the other labs, and even soluble quinones of very different redox potential 
and partition coefficient such as menaquinone and duroquinone.  Most importantly, our titrations 
probed the rate-limiting step of the overall mechanism, thus avoiding the possibility that a 
Kroger-Klingenberg type mechanism could come into play.  The non-linear titration curves 
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reported by other labs could be explained by such an effect if the partial process titrated was not 
rate-limiting. 
      The mid-point potentials of the redox cofactors of cyt bc1 complex Y199 mutants were 
similar to those of wild-type (Table III.2), suggesting that these mutations did not alter 
significantly the physicochemical properties that determine electron transfer rate although results 
showed that the initial rates were slightly altered for Y199- T, T-insert, W, and C mutants, which 
can not be explained.   
      The spectral properties of cyt bL heme consist partly of the α-band peaks at 557.7 and 
566.0 nm.  It has been speculated that the split in the peaks is due to interactions between two 
aromatic rings of exciton coupling between hemes (80, 81).  Our study showed that changes at 
Tyr-199 (cyt b) of dimeric bc1 complex did have an effect on the splitting of the α-band peaks 
(Figures III.6 – 7, Table III.3), but the Tyr-199 does not seem to be the main determinant cause 
of the peaks. 
      Oxidation of disulfhydryl groups of Y199C to form disulfide bonds was unsuccessful at 
the optimum conditions performed using iodine catalyst.  Addition of n-Dodecyl-β-D-
Maltopyranoside to loosen the structure and help iodine get close to the compact structure of cyt 
bL hemes did not help the oxidation.  One possible reason that oxidation did not occur even at 
high concentration of iodine solution and detergent is that the structure prevents the cysteine 
residues in forming disulfide bonds through orientation and or interactions of the cysteines with 
other residues.  Another method that was performed to oxidize Y199C residues was by 
Cu(Phenanthroline)3 reaction to catalyze air oxidation of the disulfhydryl groups, but it was 
unsuccessful as expected because Cu(Phenanthroline)3 are large molecules, which probably 
prevented its penetration into the compact structure of cyt bL. 
      In conclusion, our significant finding in this study is the lack of inter-monomer electron 
transfer between cyt bL hemes and through the Tyr-199 of cyt b.  In light of our results, more 
research is needed in order to explain our parodoxical result with the Moser-Dutton and Marcus 
equations on electron transfer.  We have initiated to study this further in collaboration using path 
integral difference analysis of cyt bc1 complex.  
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III.6.  TABLES 
 
Table III.1.  Rate constants calculated for electron transfer between heme b pairs for different values of 
driving force.  The rate constant was calculated using either Moser-Dutton or Marcus equation. 
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Table III.2.  Mid-point potentials and rates of quinol oxidation of R. sphaeroides cyt bc1 complex wild-
type and cyt b Y199 mutants.  Redox Potentiometry Em was calculated from the redox titration plot in Fig. 
III.5 by fitting into a Nernst equation using one, two, or three n=1 components or varying n values Nernst 
components.  The Meinhardt/Crofts method for measuring Em was determined by fitting each wavelength 
of redox titration spectra to a Nernst equation solution with 4 n=1 Nernst components.  This 
calculation/fitting was done by iterative fitting of the equation with initial freedom to the value of the 
potentials and Nernst components until good fits were established to set the potentials into fixed values 
and obtain the final spectra of the cofactors.  The initial rate of electron transfer from quinol oxidation (e⎯ 
bc1-1 s-1) at the Qo-site was calculated from 1/time of the slope intersect at maximum amplitude of ΔI/I 
after the first or the second flash in Fig. III.4A. 
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Table III.3.  Statistical data of the Lorentzian curve fit of α-bands peaks from cyt bL heme spectra of R. 
sphaeroides cyt bc1 complex wild-type and Y199 mutants.  Spectra are shown in Fig. III.6. 
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III.7.  FIGURES 
 
 
 
 
Figure III.1.  The modified Q-cycle mechanism of cyt bc1 complex.   
 Quinol turnover at the Qo-site and Qi-site are shown in light grey arrows.  The high potential 
chain consists of the Rieske iron-sulfur protein (which consist of [2Fe-2S] cluster), cyt c1 (redox cofactor 
heme c1), and mobile soluble cyt c (cyt c2 in R. sphaeroides, redox cofactor heme c or c2).  The low 
potential chain consists cyt b (redox cofactors heme bL and bH).  P-phase is the positive phase where 
protons are released as shown by two medium grey curvying arrows.  N-phase is the negative phase 
where protons are removed as shown by two medium grey curvying arrows.  Myxothiazol and antimycin 
inhibitors are shown with straight arrows, showing the inhibition sites at the Qo and Qi-sites respectively.  
Dark colored straighter two parallel arrows show the electron transfer from oxidation of quinol at the Qo-
site, and reduction of quinol at the Qi-site.  Two sequential electron transfers to the high potential chain 
then to the low potential chain are shown as a single arrow.  Two parallel arrows are shown because of 
two electrons transferred per two quinol turnover at the Qo-site for a complete turnover cycle of the bc1 
complex. 
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Figure III.2A.  X-ray crystal structures of cyt bc1 complex of R. sphaeroides (PDB 2QJY), showing cyt bL 
hemes at the cyt b interface.   
 Tyr-199 residues are shown in between the hemes bL, and the aromatic rings are in parallel. 
   
 
 
 
Figure III.2B.  X-ray crystal structure of cyt b6f complex of M. laminosus (PDB 1VF5).  Cyt b6f complex 
is analogous to cyt bc1 complex and is found in cyanobacteria and chloroplasts.  Phe-189 residue is 
equivalent to Tyr-199 cyt b (R. sphaeroides).  Phe-189 peptide backbones are parallel but not the aromatic 
rings. 
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Figure III.3.  Scheme of inter-monomer electron transfer between cyt bL hemes and intra-molecular 
electron transfer between cyt bL and bH hemes.   
 Left hemes (light color) are in one cyt b monomer, and right hemes (dark color) are in another cyt 
b monomer of a dimeric bc1 complex.  Cyt bL hemes are on bottom, and cyt bH hemes are on top.  
Antimycin blocks the Qi-site and prevents quinone binding, preventing bH heme oxidation during 
catalysis.  Myxothiazol blocks the Qo-site and prevents quinol binding, leaving the bH heme oxidize at the 
same monomer.  Quinol binds at the Qo-site that is uninhibited by myxothiazol.  Quinol is oxidized at the 
Qo-site and reduces the low potential chain, cyt bL heme (bottom solid arrow) followed by electron 
transfer from cyt bL to cyt bH heme (top solid arrow).  If inter-monomer electron transfer between the bL 
hemes (bottom broken arrow) occurs, the bH heme of the monomer inhibited at the Qo-site by myxothiazol 
could be completely reduced (top broken arrow) through inter-monomer electron transfer. 
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Figure III.4A.  Kinetic traces of titration of Qo-site with myxothiazol.  
 Left top graph, wild-type, single flash.  All other graphs, titration of wild-type and Y199 mutants 
with two flashes.  Kinetic traces showed no biphasic character. Ubiquinol oxidation was measured 
through heme bH reduction in the presence of antimycin.  Kinetic rate was measured at 561-569 nm.  The 
first flash kinetic is from 0 to 20 ms, and the second flash kinetic is from 20 to 50 ms.  Myxothiazol 
concentration is indicated to the right of the curves.  Similar sets of data were taken for all strains, all of 
which showed similar maximal rates.   
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Figure III.4B.  Titration of Qo-sites with myxothiazol from wild-type and Tyr-199 mutants.   
 Top left, titration of Qo-sites after the first flash, showing linear curves for wild-type and Y199 
mutants.  Percent reduction of bH was measured for 20 ms after the first flash. The reaction was activated 
using a xenon flash lamp (5 μs at half-height) in the presence of the Qi-site inhibitor, antimycin.  The 
reduction of bH was measured using the amplitude of the kinetic trace at 561 – 569 nm, but titration of 
initial rate showed the same linear curve.  The reaction was performed at pH 7.0, 20°C, and redox 
potential of ~ 100 mV (QH2 oxidation rate close to maximal).  Cyt bc1 concentrations for the strains were 
from 102 – 192 nM.  Bottom left, titration of Qo- sites with myxothiazol after the second flash, showing 
linear curves for wild-type and Y199 mutants.  Measurement was taken using the same system and 
conditions as the first flash kinetic rate experiment.  Top right, statistical simulation of titration of the Qo-
site with myxothiazol measured through heme bH reduction.  Dash straight line is when inter-monomer 
electron transfer does not occur.  Solid bowed curve is when inter-monomer electron transfer occurs. 
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Figure III.5.  Redox titrations of cyt bc1 complex of wild-type, mutants Y199C, Y199L, and Y199T, 
Y199W, and Y199-T insert at pH 7.0 & 20ºC. 
 Titration plots were generated from subtraction of absorbance at specific wavelengths.  The plots 
were fitted into a Nernst equation of one, two, or three n components and varying n values Nernst 
components.  The Em1, Em2, and Em3 are the calculated mid-point potentials for cyt bL , bH, and b150 
respectively (Table III.2).   
48 
 
 
 
 
Figure III.6.  Spectrum of cyt bL heme of wild-type and Y199 mutants calculated from the redox titration 
experiments (Fig. III.5).  The cyt bL spectrum was generated by fitting each wavelength of the spectra to a 
Nernst equation solution using 4 n=1 Nernst components.  This was done by iterative fitting of the 
equation with initial freedom to the value of the potentials and Nernst components.  The cyt bL spectrum 
is fitted into two Lorentzian shape curves to measure the half-width of the α-bands peaks (Table III.3). 
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Figure III.6 (cont.) 
 
Figure III.7.  Difference absorbance spectra of the bL hemes of wild-type and Y199 mutants.   
 
 Difference absorbance spectrum was measured from reduced minus oxidized spectra of cyt bL 
heme.  Strains are indicated at the left of each spectrum (Gilbreth, R.N. undergrad thesis, 2007). 
 
 
 
 
50 
 
 
Figure III.8.  Recreation of rates of cyt c1 reduction from plots of Castellani et al. (78). 
 Plots were estimated from Figure 3 of Castellani et al. pre-steady state reduction of cytochrome c1 
in uninhibited P. denitrificans bc1 complex dimers.  The hetero plot (diamond) was generated by 
summing the estimate of cytochrome c1 reduction of the wild-type and the double mutant at half activity.  
The plots of hetero (calculated, diamond) and WT/Y147S mutant (hexagon) have similar biphasic curves. 
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CHAPTER IV.  Electron Gating and Catalysis of Proton Exit in Quinol Oxidation at the  
      Qo-site of Cyt bc1 Complex from R. sphaeroides: Role of the PEWY-  
      Glutamate 
 
IV.1. ABSTRACT 
 
 The modified Q-cycle mechanism of the cytochrome bc1 complex describes the oxidation 
of ubiquinol (quinol, QH2) at the Qo-site as a bifurcated reaction to two electron acceptor chains. 
The first electron reduces the high potential chain, ISP and cytochrome c1, and generates an 
intermediate semiquinone (SQ) where its oxidation transfers the second electron to reduce the 
low potential chain, bL to bH hemes of cytochrome b, and produces the product quinone at the 
Qo-site.  The arrangement of redox cofactors in the complex, and their inherent mid-point 
potentials partly drive the transfer of the second electron to the transmembrane direction from the 
Qo-site to the Qi-site.  This vectorial electron transfer enables the bifurcated electron transfer to 
produce a proton gradient across the membrane, which is used to drive ATP synthesis.  In this 
study, the role of the Glu-295 of the highly conserved -PEWY- loop of cyt b in catalysis of 
quinol oxidation at the Qo-site is investigated.  Previous work has shown that this residue is 
essential for rapid turnover, and structural analysis had suggested an involvement in transfer of 
the second electron and H+ out of the site.  A rotational displacement of the side chain could 
facilitate the delivery of the H+ from the SQ to a water chain and also increase the kcat of the 
second electron transfer by ~1000-fold by allowing movement of SQ in the site. Mutant strains 
that were characterized are E295G, K, Q, and W, and work on the D and L strains is in progress. 
In the detailed characterizations of E295G, E295W, E295K and E295Q mutants, the kcat was 
markedly reduced from that of the wild-type strain, but the rate of bypass reactions was equal or 
less than in the wild-type.  To test the involvement of the side chain mutation, the pH 
dependence of the quinol turnover has been examined.  Results show that in the wild-type, the 
kcat had two pKa values of the oxidize ISP, at 6.5 and 9.7.  In the G, W, K, and Q mutants, the pK 
at ~6.5 was shifted to higher value: to 8.3 for E295G mutant strain; 8.5 for E295W mutant strain; 
8.6 for E295K mutant strain; and 8.5 for E295Q mutant strain.  These results could be attributed 
to a dependence of turnover on the E295 residue, lost in the mutant strains.  We proposed that the 
pK 8.3 – 8.6 is from the deprotonation of SQ at the Qo-site where its half-life is increased 
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because of a deficient proton acceptor in these mutants, lacking the Glu-295.  In contrast, there 
was no significant pH dependence of apparent Km in these mutants, but E295K and E295W 
mutants had lower Km and the wild-type, higher; on the contrary, E295G and E295Q mutants had 
higher Km than that of the wild-type.  The work involved in formation of the ES-complex was 
determined from the displacement of the apparent mid-point potential for formation of the ES-
complex, EmES (assayed kinetically), and from the Em of the quinone pool.  Within error, this 
showed the same value as the wild-type over the pH range 6-8 in E295G, slight increase in 
E295W and E295K, suggesting that mutations did not dramatically change the binding of quinol 
at the Qo-site but increased slightly the binding in E295 – W and K mutants.  Because of the 
substantial decrease in kcat that are seen in the mutants, and the comparable bypass reaction rates 
between the mutants and wild-type, these effects from mutations at Glu-295 could be best 
interpreted in terms of its role as the proton acceptor of the semiquinone oxidation at the Qo-site, 
and/or the role of rotation of the side chain in exit of the proton from the site, and in facilitation 
of the second electron transfer step.  On protonation from QH·, the residue flips to the water 
chain channel, and this rotation also opens a volume to allow access of Q·- to the volume 
proximal to the heme bL.  The shorter distance to the heme increases the intrinsic rate constant 
~1000-fold to facilitate oxidation of Q·- at a rapid rate.  We have suggested that these functions 
might also allow a coulombic gating of access to heme bL so as to limit heme reduction when 
electrons build up in the low potential chain.  Another possible role of Glu-295 is as H-bonding 
ligand to the quinol substrate.  We would expect to see effects of this in any increase of Km in the 
mutant strains, and, as expected, only slight modification on the Km was seen in the mutants, 
suggesting low binding affinity of the ES-complex.  In the catalytic cycle, Glu-295 would be 
expected to change ionization state, thereby coulombic modulation of the potential of cyt bL 
heme would be expected.  To determine its effect, equilibrium redox titration of the heme bL at 
pH 7 and 7.5 were performed for E295G and E295Q mutants.  The mid-point potentials for the 
cofactors of the E295G mutant at pH 7.0 were the same as those of wild-type but not at pH 7.5 
with higher mid-point potentials for the cyt bL heme, suggesting that the Glu-295 could possibly 
be modulating the thermodynamics of the cyt bL heme that determines electron transfer rate. 
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IV.2.1.  INTRODUCTION 
 
 It is well established that the electron transfer from quinol oxidation at the Qo-site of the 
cyt bc1 complex occurs through a bifurcated electron transfer, in which the first electron from 
QH2 passes to the high potential chain, and the second to the low potential chain.  Detailed 
kinetics, spectroscopic, structural, and theoretical studies on mutants and wild-type cyt bc1 
complex have shown that the first electron transfer of the quinol oxidation at the Qo-site proceeds 
through the reduction of the Rieske ISPox; this first electron transfer is the rate-limiting step in 
the modified Q-cycle mechanism and accounts for the high activation energy of the overall 
reaction (18).  However, many different mechanisms involving the quinol oxidation at the Qo-
site have emerged because of the lack of physical evidence of a metastable ES-complex in 
spectroscopic and crystallographic studies.  The debate revolves around the highly unstable and 
reactive semiquinone intermediate, SQ, which is the product of the first electron oxidation of 
ubihydroquinol at the Qo-site.  Although a SQ intermediate at the Qi-site has been detected in 
EPR spectroscopy and shown to be the product of a one reduction of a quinone bound at the Qi-
site from one electron transfer of cyt bH heme oxidation, the SQ intermediate occupancy at the 
Qo-site has been elusive, and its degree of occupancy has been proposed from different types of 
mechanisms of quinol oxidation at Qo-site based on theoretical calculations of quinol oxidation 
at either distal or proximal site to the bL heme using measured rates from cyt bL and bH heme 
reductions (18), and bypass reactions such as reduction of SQ at the Qo-site by reduced cyt bL 
heme (82), an unnatural process or reverse process of the forward electron transfer.  Among the 
different mechanisms that have been proposed are different variants of concerted mechanisms 
(28, 83), double-gated mechanisms (82), and coulombic gating (24). 
 We have proposed that the bifurcated electron transfer of the modified Q-cycle 
mechanism occurs through a sequential two electron transfer from oxidation of quinol at the Qo-
site because of the first electron transfer is the rate-limiting step and is responsible for the high 
activation energy of the reaction (10, 16, 18) as well as evidence in the mutations on the ISP that 
modified the mid-point potential of the [2Fe-2S] cluster (13, 18, 42, 84), showing the rate-
limiting step is the first electron transfer and is independent of the driving force of the second 
electron transfer (18).  This occurs only when quinol is bound at the Qo-site distal to heme bL in 
the metastable ES-complex form.  Crofts (2004) (43) has shown that mutations on the [2Fe-2S] 
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cluster site of the ISP can be plotted to log10ko vs. ΔGo’ and fit into a classic Marcus curve, 
showing that the mid-point potential of the semiquinone couple, Em(SQ/QH2), is not changed.  
Thus, the first electron transfer produces a semiquinone intermediate.  In contrast, mutations that 
changed the mid-point potential of the heme bL, Em(bL), did not have significant effects on the rate 
or the activation energy of the quinol turnover, suggesting the cyt bL heme does not have an 
effect on the first electron transfer. 
 Hong et al. (18) have proposed using: a simple kinetic rate equation (equation 1); the 
measured rates for cyt bH or bL reduction; and the distance of the structures to determine kcat from 
the Moser-Dutton equation in order to approximate SQ occupancy, and put constrains on the 
mechanism processes to several viable proposed mechanisms.   
                        ߥ ൌ ݇ ሾ݋ܿܿݑ݌ܽ݊ܿݕሿ                                     (1) 
 Their analyses of several mechanisms that are viable for the electron transfer must be in 
line with these conclusions.  Therefore, the electron transfer has to occur after the formation of 
the ES-complex where quinol is bound at the distal site.  Three different mechanisms that were 
proposed meet these requirements (18): 
 The first mechanism involves a SQ intermediate constrained at the distal domain that is 
stabilized by binding interactions with ISPH, [ISPH.SQ] intermediate product (51, 85).  In this 
case, the SQ occupancy needs to be high in order for the second electron to transfer to heme bL at 
the rate currently measured. The calculated rate is ν = 0.76 s-1 and kcat = 1.9 x 107 (24) at far 
distance of 12 Å (Figure I.3). 
 The second mechanism, which is favored by Hong et al. (18) because a minimum 
occupancy of SQ minimizes harmful short-circuit reactions (bypass reactions), involves the SQ 
intermediate that is liberated after dissociation of ISPH.SQ intermediate (86), and the SQ is then 
free to move in the Qo-site domain (21, 27).  This mechanism allows the SQ occupancy to be 
lower because the SQ can move closer to heme bL (proximal domain), which can increase the 
rate constant to kcat = 1 x 1011, and transferring an electron to the bL heme at ν = 4.8 x 103 s-1 
(24).  This mechanism gives the calculated rate consistent with the rate-limiting step.   
 The third mechanism is known as the double occupancy of the Qo-site by two quinols that 
function as a bridge for the electron transfer to the ISP and bL heme.  This model allows the 
occupancy of SQ to be lower because the distance the electron has to travel is shorter.  However, 
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the lack of structure of two quinols at this site, and the failure to detect this kinetic behavior were 
seen as problematic by Crofts et al. (18, 24, 27).  
 
IV.2.2.  The ES-Complex 
 
 Two diffusible substrates, Rieske ISPox, tethered at the membrane bound to cyt b subunit, 
and the mobile amphipathic QH2 substrate interact in the cyt b subunit of the bc1 complex to 
form the activated ES-complex, [ES]#, a metastable ES-complex (Equation 2).  Liganding of the 
ISPox at the cyt b interface is through the imidazolate Nε of His-161 that is H-bond to the 
hydroxyl group of QH2 bound at the distal domain of the Qo-site.  Cyt b subunit is liganded to the 
ES-complex through (COO-) Glu-272 of the PEWY loop by H-bond interaction with the other 
OH – group of the QH2 substrate.  
 The pKa = 6.3 of the His-161 (His-152 in R. sphaeroides) of ISPox was measured from 
the pH dependence of ISPox on oxidation of QH2 at saturating QH2 concentration.  This pKa was 
confirmed to His-161 of ISPox from measurement of displacement of Em of QH2/Q pool in the pH 
dependence of QH2 susbstrate at fixed saturating ISPox concentration (1, 13, 18).  This value was 
displaced from the expected pKa of 7.6 of dissociated ISPox in determining its concentration.  
Hong et al. (18) explained that the difference in the  pKa values of 6.3 from 7.6 was due to ISPox 
concentration to be pulled out of solution in the formation of ES-complex (Equation 3), thus 
increasing the equilibrium association constant, Ka.  The Ka of the disassociated ISPox species 
has a pKa of 7.6. 
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Another pKb = 9.14 is associated with the imidazolate His-152 (R. sphaeroides) of the ISPox, 
which is a ligand to the [2Fe-2S] cluster.  
 
IV.2.3.  Semiquinone Intermediate at the Qo-site and Role of the PEWY-Glutamate 
 
 Since the early proposal that the second electron transfer occurs after ubiquinol oxidized 
to semiquinone at the Qo-site, two reports from the last three years have shown that the 
previously undetected semiquinone intermediate at the Qo-site can be formed at low occupancy 
(22, 45).  In addition, structural data suggest it is possible to form SQ intermediate, and its 
oxidation seems natural to occur for the following reasons.  The X-ray crystal structures of the 
myxothiazol inhibited cyt bc1 complex or the native structure (27) had shown that Glu-272 (Glu-
295 in R. sphaeroides) residue of the –PEWY loop- of cyt b is rotated >130° away from its H-
bond conformation to Group I inhibitors inhibiting the Qo-site, which is a model for quinol 
bound at the same site (29).  The rotation of Glu-272 at >130° leads to its interactions with H2O 
molecules that are along a water chain near the edge of cyt bL heme, originally suggested from a 
steered molecular dynamics (MD) simulation (1, 20), and confirmed by high resolution 
structures (29).  The water chain leads to the aqueous phase on the cyt c side and provides a 
pathway for exit of the proton.   The X-ray crystal structures show that binding of myxothiazol 
(Group II inhibitors) is closer to cyt bL heme than the Group I inhibitors, suggesting a proximal 
binding relative to heme bL for the former and a distal for the latter.  In addition, the Qo-site 
structures show plasticity in binding of the inhibitors, accommodating the many different forms 
by moderate displacements of the protein side chains that provide the binding volume. The X-ray 
crystal structures of the myxothiazol-inhibited bc1 complex also show that the Rieske ISP is 
displaced from its binding at the Qo-site of the cyt b, to its other binding interface to heme c at 
the cyt c1.  An important feature of the structure is that the domain proximal to heme bL is 
accessible when the glutamate side chain is rotated towards the water chain.  Because the first 
and second electron transfers are sequential, the rate for the second electron transfer depends on 
the product of its rate constant and the low occupancy of the semiquinone intermediate (18, 21, 
27, 48).  The rate can be estimated from the measured rates of cyt bH reduction, the distances 
within the bi-lobed Qo-site, and the relationship between ΔG and λ (reorganization energy) of the 
Moser-Dutton equation (18).  The limiting rate constant for the second electron transfer that is 
57 
 
that is calculated (54) using the distance of ~ 6.3 Å, a distance between the Qo-site proximal 
domain to heme bL, gives kcat ~1010 s-1.  This would allow rates for this step faster than the rate-
limiting first electron transfer even at very low occupancy of SQ, consistent with the lack of 
control by driving force on this reaction.  Early attempts had failed to detect SQ by EPR, leading 
to the presumption that occupancy was too low to be measured (48) or that the signal was 
quenched through magnetic interaction (87), but even with occupancies in the range 10-7, 
calculated electron transfer from this proximal site were comparable with the measured values of 
cyt bL heme reduction.  Recent detection of a Qo-site SQ has shown a requirement for anaerobic 
condition (22, 45) and has revealed an occupancy much higher that this minimal model, allowing 
more realistic modeling of the constraints on the reaction.  However, this also raises the question 
of whether movement of the SQ in the site is needed, and that depends largely on the rate 
constant for electron transfer from SQ at the distal lobe of the Qo-site, and the occupancy under 
conditions of normal forward transfer.  The latter is likely much lower than the occupancy of SQ 
detected under inhibited conditions.  Electron transfer from the distal site to cyt bL heme that is 
~11 Å in distance would have an intrinsic rate constant ~1000 fold lower than from the proximal 
domain if distance was the determining factor. Given the rates for bypass reactions calculated 
using the approach suggested by Osyczka et al. (88), the occupancy of the SQ would have to be 
so low that no obvious combination of ΔG and λ could give a rate fast enough to account for the 
measured rates constant at this distance.  However, the occupancy revealed by recent 
measurements is much higher, and these new values require a reassessment of the conclusions 
from this earlier work.  An additional need for reassessment comes from preliminary work on 
mutants of the PEWY- glutamate.  In these strains, measurement of bypass rates under 
conditions in which the critical proton-processing step is crippled allows assessment of the actual 
rate constant controlling electron transfer from the distal domain. 
 Earlier work by Crofts et al. (27) showed that the mutations of Glu-295 of the PEWY 
loop in R. sphaeroides to D (aspartate), Q (glutamine), and G (glycine) mutants caused 
substantial inhibition to electron transfer from quinol turnover at the Qo-site, resistance to 
stigmatellin inhibition, and a slight increase in the KM for QH2.   However, the normal gx = 1.80 
EPR signal for interaction of quinone, Q, and ISPH were seen for all the mutants, indicating that 
the distal site where quinone interacts with ISPH is not inhibited.  These results support that 
different domains of the Qo-site could be important to catalysis of the electron delivery to both 
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the high and low potential chains, with the proximal domain and the -PEWY- glutamate are 
involved in the second electron transfer.  More recent work (7, 24)  has shown that these mutant 
strains had bypass rates similar to or greater than those seen in wild-type on antimycin inhibition, 
suggesting that SQ occupancy was similar under these conditions.  In the more crippled mutants 
(Qo-site turnover ~1% of wild-type rate), the bypass rates were similar to or less than the 
bifurcated reaction assayed through heme bH reduction. These slow rates are incompatible with 
the rate constants that are calculated from the distance and the occupancy expected. Given the 
complexity of the second electron transfer step, it is perhaps not surprising that other parameters 
might modulate the rate. 
In the present work, we have mutated the -PEWY-glutamate from the wild-type E295 of 
cyt b from R. sphaeroides to – D, G, Q, W, H, K, and L, and used these to explore the effects on 
the bifurcated reaction and bypass processes in order to gain additional insights into mechanism 
and propose a kinetic model based on the results. 
 The role proposed for the –PEWY- glutamate (7, 21, 24) can be summarized as follows: 
(i) it serves as a weak ligand in binding quinol at the Qo-site; (ii) it acts as a proton acceptor from 
the ܳܪ·  form of the SQ generated in the first electron transfer; (iii) it is involved in the proton 
exit pathway for the SQ oxidation at the Qo-site, likely by rotation of the side chain to deliver the 
H+ to the water chain discussed above; (iv) it provides a gating mechanism that prevents rapid 
reduction of SQ by ferroheme bL.  The mechanism proposed is a sequestration of Q·- in the distal 
domain of the site through coulombic repulsion by the reduced bL, which would accumulate on 
turnover in the presence of antimycin after two turnovers of the Qo-site.   
 The discussion of the mechanism is facilitated by use of a program developed in-house 
that allows calculation of plausible rate constants using a Marcus-type treatment that includes 
use of the distance dependence of the “intrinsic” rate constant, ko, suggested by Moser, Dutton 
and colleagues (54, 71, 89), and which also incorporates the Brønsted barrier suggested to 
account for the slow rate of the first electron transfer (18, 24, 44).  The program takes into 
account the thermodynamic constraints arising from the coupling between the partial processes 
of the two electron transfers of the bifurcated reaction, and of the occupancy of the SQ.  These 
constraints generate pairs of rate constants that fulfill the requirements of the rate-limiting step, 
and a more rapid second electron transfer than the first.  
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 The overall aim of this dissertation is to elucidate the mechanism of the second electron 
transfer from semiquinone oxidation, to understand how the cyt bc1 complex achieves catalytic 
efficiency and prevents bypass reactions, and to explore the modifications to reaction parameters 
in the glutamate mutants. 
 In this work, the partial processes of the overall reaction of quinol turnover are assayed 
through (i) the bifurcation reaction by measurement of electron transfer rates to heme bH in the 
presence of antimcyin; and (ii) the total flux of electrons from the high-potential chain (electron 
transfer from the bifurcation reaction plus bypass reactions) by measurement of the re-reduction 
of the reaction center after multiple flashes.  Blocking the Qi-site with antimycin prevents heme 
bH from getting oxidized by a quinone at the Qi-site, and, thus, turnover after the first flash is 
constrained to a single turnover of quinol.  Moreover, subsequent flashes reduce heme bL, 
allowing maximal levels of SQ to accumulate in the Qo-site while maintaining fully oxidize high-
potential chain.  
 With respect to the role of the –PEWY- glutamate, we investigated its role in the 
formation of the ES-complex, its catalytic role in the proton-coupled electron transfer of the 
oxidation of the SQ intermediate, and its role in bypass reactions through coulombic “gating” by 
seeing how these processes are modified in mutant strains.  
 
IV.2.4.  Bypass Reactions of Semiquinone Intermediate 
 
 The majority of the bypass reactions under anaerobic conditions in cytochrome bc1 
complex are due to semiquinone oxidation by the Rieske ISPox at the Qo-site and reduction of 
semiquinone by reduced cyt b also at the Qo-site.  We discuss these reactions in this work 
because our study is performed under anaerobic conditions. 
 Semiquinone occupancy [SQ] at the Qo-site has been elusive.  Calculations of the 
occupancy came from studies of bypass reactions from reverse electron transfer of reduction of 
[SQ] by cyt bL heme (82), bypass reactions from [SQ] oxidation by ISPox under oxidant-induced 
reductant mechanism of cyt bc1 complex in chromatophores (86), and bypass reactions of 
truncated and mutated cyt bc1 complex at their redox cofactors (82).  Complexity also arises 
from where [SQ] is located at the bi-lobal Qo-site.  Crofts et al. (24) had calculated several 
scenarios of the bypass rate from [SQ] reduction by cyt bL heme at the distal domain versus 
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proximal domain.  They suggested that ܳ·ି might be restricted to the distal domain when heme 
bL is reduced, because of coulombic repulsion, until heme bL is oxidized.  On the other hand, 
Osyczka et al. (82) assumed that SQ was formed at the distal site where they calculated a rate 
constant k = 1 x 107 for oxidation of SQ by ISPox after the first electron transfer.  However, using 
this rate constant and a SQ occupancy of 4 x 10-8 (calculated from rate of bypass reaction of 3 s-1, 
and rate constant of 1 x 107 using equation 1), a theoretical forward rate for the electron transfer 
is 1000 fold slower than the measured forward rate of 1 ms.  Thus, bypass rates of [SQ] 
oxidation by ISPox after the 1st electron transfer under the Osyczka conditions are in conflict with 
the measured rate.   
 Crofts et al. (24) have proposed a model for a minimize bypass rate in terms of 
coulombic gating mechanism of [SQ] at the distal site by reduced cyt bL heme.  In this model, the 
semiquinone intermediate is constrained at the distal domain by coulombic repulsion from 
reduced cyt bL to prevent a short-circuit reaction.  Because the first electron transfer is strongly 
endergonic, the semiquinone intermediate is formed at a low occupancy.  In the normal forward 
reaction, the [SQ] is kept very low because the second electron transfer from SQ to heme bL is 
rapid compared to the rate limiting step (the overall rate is not influenced by changes in Em of 
heme bL).  Furthermore, since no significant transient reduction of heme bL is seen after a flash, 
the rate of electron transfer from heme bL to bH must also be rapid.  These two rapid reactions 
remove SQ as fast as it is formed.  These events would account for the very low bypass rates 
seen in the absence of inhibitor.  However, when antimycin is present, the first reduction goes to 
heme bH, followed by heme bL on successive turnovers of the Qo-site, and SQ then accumulates 
and is available for participation in several different bypass reactions.   
 Another bypass reaction is through reduction of [SQ] by cyt bL‐.  Crofts et al. (24) 
suggested that if occupancy of [SQ] is kept low at 10-8 per monomer and constrained to the distal 
domain, this bypass rates would be limited to about the measured rate.  However, at the > 10-4 
occupancy (which is required for rapid forward electron transfer at the distal domain), the bypass 
rates would be 1 ms, which is not observed in the measured rate.  To account for this unobserved 
rate, a constraint was put on the [SQ] at the distal domain by electron gating mechanism. 
 In the electron gating mechanism, the  ܳ·ି  is constrained at the distal domain when cyt bL 
is reduced.  When cyt bL heme is oxidized, it is hydrogen bonded to ISPH at the Qo-site. After 
the proton-coupled electron transfer from QH2 to ISPox, ISPH moves to the cyt c1 binding 
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interface, and proton is transferred from ܳܪ· to the carboxylate group of Glu-295 of cyt b 
through the hydrogen bonding between the two groups.  Rotation of Glu-295 in its neutral form 
is linked to movement of ܳ·ି to the proximal domain.  At the proximal domain, ܳ·ି  would then 
have a different set of coulombic interactions that the transfer of electron would then proceed to 
cyt bH, and deprotonate the neutral Glu-295 at the aqueous channel.  This provides ܳ·ି and ܳ 
from not being able to be protonated by Glu-295.  Reduction of ܳ by cyt bL- can occur, but 
electron could transfer back to the cyt bL.  Another impedement for this bypass reaction in this 
gating model would be that the protonation of ܳ·ି would be required before it can be reduced 
back to ܳܪଶ, and this would require ܳ·ି to go back to the distal domain.  Therefore, this bypass 
reaction would be minimal at most because of the competition to go forward in the electron 
transfer reaction.  Under anaerobic condition and antimycin inhibition, this bypass reaction is 
more emphasized to be oxidized by the ISPox after the first electron transfer, following ISPH 
oxidation by oxidized cyt c1. 
 
IV.3.  EXPERIMENTAL 
 
A.  Materials 
 
 dNTPs mix was from Promega (Madison, WI).  10X PCR buffer -MgCl, MgCl, and Taq 
DNA polymerase were acqiured from Invitrogen (Carlsbad, CA).  Valinomycin, nigericin, 
(MOPS) 3-(N-Morpholino)propanesulfonic acid, 4-Morpholinepropanesulfonic acid, KCl, KCN, 
sodium ferric EDTA, ferric cyanide, DMSO, sodium dithionite, Mg2SO4, NaCl, Trizma base, 
glycerol, (EPPS) 4-(2-Hydroxyethyl)-1-piperazinepropanesulfonic acid, 4-(2-Hydroxyethyl) 
piperazine-1-propanesulfonic acid, Succinic acid, (HEPPS) N-(2-Hydroxyethyl)piperazine-N′-(3-
propanesulfonic acid), (HEPES) 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid, N-(2-
Hydroxyethyl)piperazine-N′-(2-ethanesulfonic acid), (MES) 2-(N-Morpholino)ethanesulfonic 
acid, 4-Morpholineethanesulfonic acid, , myxothiazol, antimycin, kanamycin, and tetracycline 
were from Sigma Aldrich (St. Louis, MI).  Glycine was from Arcos Organics.  Bacto Agar was 
from BD (Becton, Dickson and Co.) (Spark, MD).  L-Aspartic acid was from Grand Island 
Biological Group (Grand Island, NY).  Glutamic acid was from Nutritional Biochemical 
Corporate.  Ammonium Sulfate was from Sigma.  KOH was from Fisher Scientific (Fair Lawn, 
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NJ).  Potassium Phosphate Monobasic was from EMD Chemicals, Inc. (Darmstadt, Germany).  
PCR primers were synthesized and purified by the W.M. Keck Center for Comparative and 
Functional Genomics (University of Illinois).  QIAprep spin miniprep kit and QIAquick gel 
extraction kit were from Qiagen (Valencia, CA).   
 
B.  DNA Sequencing 
 
 The DNA sequences of the Glu-295 mutations were confirmed by DNA sequencing 
(Core DNA Sequencing Facility at the University of Illinois).  Because pRK415 plasmid is a low 
copy number (about 2-3 plasmids per cell), the plasmid was PCR amplified at the appropriate 
DNA sequences with appropriate primers to a 400 bp fragment for sequencing analysis using 
these pair of primers: for determining the sequence at Glu-295, Qi2251-Fwd (5’-GTT CCG TTC 
TGG CCC TAC TTC-3’) and Qi2701-Rev (5’-GCC GAT GCG ATG AGC GAG AT-3’); for 
determining the downstream sequence at Glu-295, QiY199-Fwd (5’-TGC TGC CGT GGG GCC 
AGA-3’) and Qi2383-Rev (5’-GCG GGT TCG CCT CGA TG-3’); and for determining the 
sequence of ISP near the [2Fe-2S] cluster, ISP1161-Fwd (5’-AAA CCG ATC TTC ATC CGC 
CGC-3’) and ISP1568-Rev (5’-CTG TGC AGC CAC TTC TCG ATG-3’).  A 40.4 μl of PCR 
reaction contained 5 μl of the DNA template, 3 mM MgCl2, 1X PCR buffer, 0.5 mM dNTPs mix, 
250 ng of each of forward and reverse primers, and 5 units of Taq DNA polymerase.   The PCR 
thermocycle parameters were 1 cycle of 96°C for 3 min, 29 cycles of 96°C for 1 min, 61°C for 1 
min, and 72°C for 1 min, and a 1 cycle of 72°C for 5 min.  The PCR 400 bp amplified fragment 
was gel electrophoresis in a 0.8% agarose gel containing EtBr in 1X TAE running buffer at 97 V 
constant voltage (~120 - 150 mA) for 1 hr.  The plasmid was purified from the gel using 
QIAquick gel extraction kit.  The DNA sequence of the 400 bp amplified fragment was 
confirmed by DNA sequencing.  
 
C.  Pre-Steady State Kinetics of Quinol Oxidation at the Qo-site 
 
       Enzyme Kinetics of Cyt bc1 Complex using Flash-Induced Kinetic Spectrophotometry- 
The reaction was performed in the dark with constant stirring – top and bottom stirrers (except 
during measurement), at 24 – 25°C in pH buffers: pH 6.0 and 6.5 buffers (50 mM MES, 100 mM 
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KCl), pH 7.0 buffer (50 mM MOPS, 100 mM KCl), pH 7.5 buffer (50 mM HEPES, 100 mM 
KCl), and pH 8.0 buffer (50 mM EPPS, 100 mM KCl).  The quinol concentration was varied by 
adjusting the applied potential (Eh), and taking into account that the mid-point potential of the 
quinol pool has a pH dependence of -59 mV/pH.  The potential was adjusted by adding 
increments amount of cold concentrated sodium dithionite in buffer. The temperature was 
maintained by flowing water on the circulation bath of the cuvette.  The reaction vessel was 
primed by deoxygenating 4.30 – 4.50 ml of buffer through bubbling with moist argon gas under 
constant stirring for at least 30 min.  The chromatophore was added to 1 ml buffer.  Half of the 
supernatant of the chromatophore was added to the reaction vessel under steady flow of argon 
gas passed over the reaction solution to maintain anaerobic condition, and the uncoupler, 
ionophores, mix A mediators and mix B mediators were added in sequential using the same 
syringe.  Buffer was added to adjust the reaction to a total of ~ 6.00 ml.  The following 
uncouplers and ionophores were used 5 μM valinomycin and 5 μM nigericin.  The range of the 
bc1 complex used was from 180 – 250 nM for wild-type, Q, W, and G mutants, 80 nM for K 
mutant.  Antimycin at 10 μM was added to inhibit the Qi-site, and 500 μM NaFe+3EDTA was 
used as a redox buffer.  The reaction was deoxygenated by flowing argon gas on top of the 
reaction solution under constant stirring for at least 30 min.  The potential was adjusted by 
addition of small amount of cold Na2S2O4 (dithionite) in buffer or K3Fe(CN)6 (ferric cyanide) in 
water, followed by equilibration for 5 min after each addition of dithionite or Ferric-CN solution 
and before starting the reaction.  Kinetic traces were recorded at 542, 551, 561, and 569 nm with 
six traces per average per wavelength following saturating flash excitation with Xe lamp (5 μs at 
half-height).  A single flash with a total acquistion time of 10 ms for the wild-type was used to 
measure quinol turnover through cyt bH reduction.  Total of 6 flashes at 20 ms time interval per 
trace with total acquisition time of 500 ms to 1 s for the E295 mutants was used to measure 
quinol turnover through cyt bH reduction.  The instrument response time was 150 μs.  A dark 
period of 120 sec was used in between traces to allow the system to relax back to its ground 
state. 
 Total of 6 flashes at 20 ms time interval per trace with total acquisition time of 500 ms to 
1 s, in the presence of antimycin, at 24oC, and 50% reduced quinone pool were the conditions 
used to measure the concentration of cyt b of wild-type and the E295 mutants from the 
measurement of cyt bH reduction.  Kinetic traces were recorded at 542, 551, 561, 566, 569 and 
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575 nm with six traces per average per wavelength, following saturating flash excitation with Xe 
lamp (5 μs at half-height).   
 
 Electron Transfer for Forward and Bypass Reactions - The reaction was performed under 
same set of conditions as the measurements in the enzyme kinetics of cyt bc1 complex but with 
some modifications.   
 The reactions were measured at 50% reduced quinone pool (ie. 90 mV at pH 7.0) in the 
absence of inhibitor (for multiple turnovers), in the presence of antimycin (for single turnover 
and measurement of cyt bH reduction, and RC reduction that consists of bifurcation reaction and 
bypass reactions), or in the presence of antimycin and myxothiazol (for background reactions).   
 A single flash and a total acquistion time of 10 ms for the wild-type were used to measure 
quinol turnover through cyt bH reduction (with antimycin).  Total of 6 flashes at 20 ms time 
interval per trace and total acquisition time of 500 ms for the wild-type were used to measure 
multiple turnovers of quinol oxidation (no inhibitor).  Total of 6 flashes at 20 ms time interval 
per trace and total acquisition time of 1 s for the wild-type were used to measure rate of RC 
reduction (with antimycin or with antimycin and myxothiazol).  
 Total of 6 flashes at 20 ms time interval per trace and total acquisition time of 500 ms for 
the E295 mutants were used to measure multiple turnovers (no inhibitor), or quinol turnover 
through cyt bH reduction (with antimycin) or rate of RC reduction.  Total of 6 flashes at 20 ms 
time interval per trace with total acquisition time of 1 s for the E295 mutants were used to 
measure RC reduction (with antimycin or with antimycin and myxothiazol). 
 Kinetic traces were recorded at 542, 551, 561, 566, 569 and 575 nm with six traces per 
average per wavelength, following saturating flash excitation with Xe lamp (5 μs at half-height). 
 
D.  Enzyme Kinetic Curve Fitting using Eadie-Scatchard Plot and Michaelis-Menten Plot 
  
 The plot of velocity as a function of quinol concentration (Figures IV.6-7) was fitted into 
the Michealis-Menten equation using estimates of Vmax and KM from the fit of Eadie-Scatchard 
equation of  ν/[S] versus ν plot.  The Eadie-Scatchard equation is, 
                                                       ௩
ᇲ
ሾௌሿכ ൌ  െݒሾܵሿכ௡ିଵ ൅ ሾܵሿכ௡ିଵ                                                  (4) 
where   ݒᇱ ൌ ௩௏೘ೌೣ      ;   
ሾௌሿ೙
௄ᇲ ൌ  ܵכ௡   
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݊ is the equivalent substrate binding sites per molecule of enzyme. ሾܵሿכ is ሾܵሿ relative to ሾܵሿ଴.ହ 
(which is the KM when ݊ ൌ 1).  ܭᇱ is the apparent dissociation constant of [ES], which is equal 
to the intrinsic ܭ௦ plus interaction factors of ݊ substrate with the enzyme.  For ݊ ൌ 1, the Eadie-
Scatchard plot simplifies to  
                                                           ௩ሾௌሿ ൌ  െ
ଵ
௄ೞ  ݒ ൅
௏೘ೌೣ
௄ೞ                                                          (5) 
The Michaelis-Menten equation is 
                                                                  ݒ ൌ  ௏೘ೌೣ ሾௌሿ௄ಾା ሾௌሿ                                                               (6)           
 
 
E.  Pre-Steady State Kinetics of Quinol Turnover using Electrochromic Band Shift of    
      Carotenoids  
 
 
 Kinetics of quinol oxidation at pH 8.5, 9.0, and 9.5 were measured by electrochromic 
carotenoid bandshift (12) using the same flash-induced spectrophotometer that was used for 
measuring cyt bH reduction.  The reaction vessel and buffer were deoxygenated the same way as 
flash-induced kinetic spectrophotometric experiments.  The reaction were measured in buffer at 
pH 8.5 (50 mM EPPS, 100 mM KCl), pH 9.0 or pH 9.5 (50 mM CHES, 100 mM KCl).  After 
the buffer was deoxygenated, half of the bc1 complex chromatophore (at 1/5 the concentration 
used in cytochrome bH reduction) in 1 ml of buffer was added using a Hamiltonian syringe.  
Each mediator in mix A and mix B mediators was added at 2 - 5 μM concentration using the 
same syringe.  The rest of the chromatophore was added with the same syringe.  NaFe+3EDTA 
was added at 500 μM.  The reaction was deoxygenated by continuous flow of argon gas over the 
reaction solution under constant stirring with top and bottom stirrers for at least 30 min at 24oC.  
The potential was adjusted to 1 mV (pH 8.5), -28 mV (pH 9.0), or -57 mV (pH 9.5) by addition 
of small amount of cold Na2S2O4 (dithionite) in buffer or K3Fe(CN)6 (ferric cyanide) in water, 
followed by equilibration for 5 min after each addition of dithionite or Ferric-CN solution, and 
before starting the reaction. 
 Initial rates were measured without inhibitor or with myxothiazol inhibitor at 503 nm 
after a single flash activation.  The total acquisition time for the wild-type was 5 ms using 5 μs 
time constant, and for the Glu-295 mutants 500 ms or 1 sec using 150 μs time constant.  Six 
traces per average were recorded. 
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IV.4.  RESULTS 
 
A.  Qualities of Chromatophores of the Wild-type and E295 Mutant Strains 
 
 Chromatophore preparation had minimum ratio of ~ 1: 1: 2 of cyt bH: RC: cyt cT, which 
meet the required ratios for 1 quinol turnover of cyt bc1 complex.  These ratios allow the RC to 
generate 1 quinone reduction and 1 cyt c2 oxidation per single flash activation.  Under conditions 
where the quinone pool is partly reduced, the quinol turnover is not rate-limited by diffusion 
since ca. 63 mM ubiquinone and 1 mM of cyt bc1 complex are present (31), and one oxidized cyt 
c2 is generated by the RC per single flash.  These ratios were determined from the kinetic traces 
of rates used in the Michaelis-Menten plot in Figures IV.1-5.  At zero reduced quinone pool (eg. 
Eh = 200 mV at pH 7.0), the reaction becomes rate-limited by diffusion of quinol from the RC to 
the Qo-site.  This diffusion limitation was corrected for the kinetics of the bc1 complex in the 
Michaelis-Menten plot by adding the quinol concentration at the RC to each data point on the 
plot of the quinol turnover vs. quinol concentration.  The quinol concentration in the RC before 
flash was determined from the ratio of cyt bH : RC at maximum turnover multiplied by the 
concentration of RC in chromatophores of 2.1 mM (31) that is then multiplied by the fraction of 
cyt bH reduced at zero reduced quinone pool.  This quinol concentration is then added to the 
quinol concentration at each data points in the plot.  The quinol concentration of each data point 
was calculated from the Nernst equation using the redox potential of the reaction, Eh, the mid-
point potential of the ܳܪଶ/ܳ pool, and 2 electron transfer per oxidation.  
 
B.  Quinol Oxidations of the PEWY- Glutamate Mutants at pH 6.0 to 9.0 and at 50%  
      Reduced Quinone Pool were Severely Inhibited than Those of Wild-type 
 
 The E295 cyt b mutant strains (E295 – glycine, glutamine, lysine, and tryptophan) from 
R. sphaeroides were severely inhibited of quinol turnover (kcat) at pH 6.0, 6.5, 7.0, 7.5, and 8.0 
measured from the Michaelis-Menten plot of initial rates vs. quinol substrate concentration 
(Table IV.6, Figures IV.6-7, 9,), and at 50% reduced quinone pool at pH 6.0 – 8.0 (Tables IV.1-
5, Figures IV.1-5).  The highest rates for quinol turnover were at pH 8.0 with rates for the 
mutants at ௠ܸ௔௫ ൌ  13 െ 37 ݉݋݈݁ ݁ · ݉݋݈݁ ܾܿଵି ଵ · ݏିଵ versus the wild-type strain at ݇௖௔௧ ൌ
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 1055 ݏିଵ or  ௠ܸ௔௫ ൌ 1055 ݉݋݈݁ ݁ · ܾܿଵି ଵ · ݏିଵ (Table IV.6).  At pH 7.0 and 90 mV, when the 
low potential chain is completely oxidized, the quinol turnovers for the mutants was in the range 
of ݇௖௔௧ ൌ 7.1 െ 19.6 ݏିଵ versus wild-type ݇௖௔௧ ൌ  697 ݏିଵ ݋ݎ ௠ܸ௔௫ ൌ 697 ݉݋݈݁ ݁ · ܾܿଵି ଵ · ݏିଵ.  
The quinol turnovers of the mutants were measured under pre-steady state conditions using 6 
consecutive flashes at 20 ms apart to see the substantially inhibited electron transfer rates on cyt 
bH and cyt cT heme reductions.  After 6 flashes, the RC is completely oxidized, and the driving 
force for high potential chain for “oxidant induced reduction” of cyt bH heme is maximized, 
increasing the electron transfer rate.  
 At pH 6 – 8, cyt bL heme reduction at pre-steady state kinetics for the Glu-295 mutants 
and wild-type strains showed decreased in rates of electron transfer when bL heme reduction 
reached equilibrium (Figures IV.1-5).  Assuming that the mutation did not change the mid-point 
potential of the cyt bL heme (driving force), this could indicate an equilibrium electron transfer 
between cyt bH and bL hemes.  The reduction of cyt bL heme for the mutants had electron transfer 
rates that were slower as shown from the initial rates, ߥ௢, of the electron transfer to cyt bL heme 
compared to wild-type initial rates (Figure IV.1).  
 The Vmax for the mutants at the pH 6 - 8 showed ~ 10 to 100 x fold slower in rate of the 
second electron transfer than those of the wild-type (Tables IV.1-6).  Since the rate-limiting step 
is the first electron transfer to the ISPox and is measurable through to cyt bH reduction, 10 to 100 
fold decrease in the rate of the second electron transfer seen in these E295 mutants versus wild-
type is 10 – 300 order magnitude slower (kcat for G mutant = 59 s-1 and for W mutant = 4.79 s-1) 
than what is measured for reduction of cyt bH heme at ν = 1.3 x 103 s-1 in wild-type (18).  If using 
a SQ occupancy of 4 x 10-8 (calculated from the wild-type bypass rate of 3 s-1) and the distance 
of 12.4 Å from the distal domain to calculate kcat (24), the calculated rate of 0.76 s-1 is 6 – 80 fold 
slower than those measured from the E295 mutants while the calculated rates of 4.8 x 103 s-1 
(from the proximal domain at 6.3 Å) (24) is 100 – 1000 fold faster than those from the E295 
mutants.  Thus, assuming the SQ occupancy of 4 x 10-8 from the bypass reactions rate of wild-
type is in the same range as the occupancy of SQ found in the E295 mutants, a possible 
explanation of the slow second electron transfer seen in these E295 mutants is partly due to the 
electron transfer from the distal domain and not from the proximal domain.  It is possible that the 
SQ occupancy in these E295 mutants is higher than from the wild-type because the SQ half-life 
in these mutants is longer as seen from the pKs of E295 mutants (Fig. IV.9), which means that 
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the second electron transfer in these E295 mutants should be faster than the calculated 0.76 s-1 if 
the electron transfer is occuring from the distal site after deprotonation of SQ.  However, the 
rates for bypass reactions in these mutants were the same or lower than those of the wild-type, 
suggesting the SQ occupancy for these strains are the same.  In addition, the forward second 
electron transfer reaction was likely inhibited by a slow deprotonation of SQ at the Qo-site, 
decreasing the available [Q•-] to reduce cyt bL heme.  On the contrary, if a higher occupancy was 
available after deprotonation of [SQ], the electron transfer from the proximal site for the E295 
mutants should be about ν = 4.8 x 103 s-1, which is definitely not consistent with measured rates 
from these E295 mutants.  The caveat in these analyses is the competition of the bypass reactions 
from the oxidation of SQ by ISPox though this bypass reaction could be slow because of the weak 
occupancy (weak association constant) of ISPox at the cyt b and cyt c interface (90), low 
occupancy of SQ, and possibly low probability of an activated ES-complex in this reaction.  For 
instance, this bypass reaction might be minimized if the conformation of the hydroxyl group on 
the SQ is constrained in H-bonding with the N-imidazolate His-161 of ISPox, resulting to a 
proton transfer that is somewhat inhibited.     
 With a SQ occupancy detected at ~ 0.005 (45) and the calculated rate constant for the 
second electron transfer of k2d = 1.9 x 103 s-1 at the distal domain (using bypass rates of Glu-295 
mutants v~10 QH2/bc1/s and 0.005 occupancy), the second electron transfer could be occuring 
from SQ at the distal domain for these E295 mutants.  In this model, the occupancy of ~ 0.005 is 
close to the calculated occupancy of 0.003 that takes into account the diffusion coefficient kdiff = 
107 s-1 in phospholids membranes using the Marcus/Moser-Dutton equation and the distance of 
6.3 Å (distal site) (44).  Thus, the second electron transfer for E295 mutants could be taking 
place at the distal domain.  If the electron transfer from SQ is occuring from the proximal 
domain, the calculated second electron transfer rate constant of k2p = 9×1010 s-1 that is derived 
from Marcus/Moser-Dutton equation and using occupancy of 4 x 10-8 would give ν ~ 3.6 x 103 s-
1, which is shown to be within the limits of the diffusion coefficient effect on SQ occupancy.  
Thus, the second electron transfer in E295 mutants is unlikely to be occuring at the proximal 
domain given that the measured rates is 100 – 1000 fold slower, and using a SQ occupancy 
[SQ]= 4 x 10-8 that is much smaller than 0.005, unless there is a competition of bypass reactions 
that depletes the SQ occupancy to less than 4 x 10-8 that was not measurable in our experiments 
and of course the proton transfer from SQ is slow. 
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 These results show the inconsistency of the SQ occupancy at the distal versus the 
proximal domain that are calculated from rates of bypass reactions of wild-type and E295 
mutants, and the detected SQ occupancy at 0.005.  These discrepancies could be due to the 
different conditions used to generate SQ at the Qo-site and the difficulty of measuring bypass 
rates.  Because bypass rates of wild-type and these Glu-295 mutants were not that different, the 
proton-coupled electron transfer from SQ in these Glu-295 mutants could be occuring through 
the transfer of proton to a water molecule, followed by an electron transfer from the distal 
domain to cyt bL heme for the E295W mutant and from the proximal or distal domain for the 
E295G, E295K, and E295Q mutants.   
 
C.  The E295 Mutants and the Wild-type Have Comparable Bypass Rates 
 
 Bypass rates for the E295 mutants were comparably equal or lower than the wild-type 
rates (Table IV.1-5).  The E295 mutants percent of bypass rate versus the total electron transfer 
rates (quinol oxidation rate plus bypass rate) were 2 to 25 times more than  those of wild-type 
(Tables IV.1-5).  The bypass rates for the wild-type at pH 6.0 – 8.0 were from 2 – 4.5 s-1, which 
are comparable to those published by Muller  (91) and Crofts et al. (24) at pH 7.0 under aerobic 
condition, which can have other bypass reactions such as oxygen reduction to superoxide by SQ 
intermediate at the Qo-site.  The same results as Crofts et al. (2006) were seen in the wild-type 
where cyt bH heme had complete reduction (only ~ 5 – 10% oxidized) and bL hemes only 5 - 10% 
oxidized during the initial rates of the bypass reactions at pre-steady state kinetics.  However, in 
the mutant strains depending on pH and strains, bH hemes were 10 – 40 % oxidized during the 
initial bypass reactions, and bL hemes were 10 – 50 % oxidized (Figures IV.1-5).  Though SQ 
intermediate at the distal domain would seem to spend more time at the Qo-site for these mutants, 
the longer lived SQ at the distal site did not increase the bypass rates in these mutants (Tables 
IV.1-5).  Possible reasons could be the SQ concentration is low to begin with from the product of 
the first electron transfer where ሾܳܪ·ሿ ~ 0.00008 per monomer (Crofts), and other interactions 
could be stabilizing ܳܪ· in these Glu-295 mutants.  Both Lys-295 and Trp-295 had lower KM at 
4x and 2x less than the KM of wild-type respectively (Figure IV.9).  These increases in binding 
affinity to ܳܪଶ could possibly stabilize the ܳܪ· through dipole-induced interactions for the 
positive lysine mutant, and hydrophobic interactions for the tryptophan mutant.  The Trp-295 
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showed resistant to myxothiazol inhibition, suggesting blocking of the proximal domain by this 
residue.  Therefore, the transfer of electron from ܳ·ି must be taking place at the distal domain 
for Trp-295, and perhaps for Lys-295.  The Trp-295 mutant had the lowest kcat, at the high end of 
~ 23.22 s-1 at pH 9.0 (Table IV.6 and Figure IV.9).  In the Lys-295 and Gln-295 mutants, the kcat 
were close to the value of Gly-295 mutant but had no measurable bypass rates (Table IV.1 - 6 
and Figures IV.6 - 7 and 9) at pH < 8.     
 
D.  E295 Mutant Strains pKs Could be from the Ionization State of a Semiquinone  
      Intermediate at the Qo-site 
 
 The pKa and pKb of wild-type strain were 6.51 and 9.68 from the plot of kcat versus pH 
6.0 – 9.0 at 24oC (Fig. IV.9).  This plot was fitted into the equation of Brandt and Okun  (49) for 
two dissociation constants from two protonable groups (Equation 4).  The kcat was measured 
from the pre-steady state kinetic of quinol oxidation measured through cyt bH heme reduction as 
a function of quinol concentration in the presence of antimycin (Figs. IV.6-7).  The pKa = 6.5 
(±0.2) is the deprotonation of imidazolate Nε2 of the His-161 (His-152 in R. sphaeroides) of 
ISPox, which is H-bond to the hydroxyl group of QH2 substrate at the distal domain of the Qo-
site.  His-161 is also a ligand to the Fe2 of the [2Fe-2S] cluster (92).  This value corresponds to 
the pKa 6.7 (±0.1) (93).  The pKa = 9.7 (±0.3) is the deprotonation of imidazole Nε2 of His-141 
(His-131 in R. sphaeroides) of ISPox, which is also a ligand to the Fe2 of the [2Fe-2S] cluster 
(92), and pKb is 9.14 (93).    
 
                                  ݒ ൌ ௢ܸ௣௧ ·  ቀ ௄ಲ
כశ
௄ಲା ሾுሿశቁ ቀ
ுశ
௄ಳା ሾுሿశቁ                                       (4) 
 
 The pH titration of catalytic constants for the E295 mutants were shifted to the basic 
region (Figure IV.9), measured from the pre-steady state kinetics of quinol oxidation through cyt 
bH heme reduction in the presence of antimycin at pH 6 – 8, and from the electrochromic band 
shift of carotenoids at 523 nm at pH 8.5, 9.0, and 9.5.  There was no evidence for a two pKa 
double-bell shaped curve, indicative of the dissociation constants of ISPox.   Thus, these titrations 
were fitted with a single pKa equation (Equation 5).                                           
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                                  ߥ ൌ ௅భା௅మൈଵ଴൫೛ಹష೛಼ಲ൯ଵ଴ሺ೛ಹష೛಼ಲሻାଵ                                               (5) 
 The pKs values were 8.3, 8.5, 8.6, and 8.5 for E295 – G, W, K, and Q mutants 
respectively.  These values are not the usual pKa(s) for the His-ligands of ISPox nor are for pKa 
range for a typical His (imidazole) group.  The pKa in this range that could be deprotonated from 
the groups of amino acid are sulfydryl of cysteine, and α-amino at the end of the polypeptide 
chain.  But these functional groups are not found in the catalytic sites of the enzyme nor are 
mutated at the catalytic sites.  Thus, these pKs shift must be associated with the mutational site at 
Glu-295 region since none of the mutations (G, W, K, and Q residues) can be deprotonated at 
this pH range.  The most likely group to deprotonate at this pH range is the intermediate 
semiquinone (ܳܪ·) at the Qo-site.  Jünemann et al. (87) had measured the EPR spectrum of 
various semiquinone species, 60% were from Complexes I and II using oxidant-induced 
reduction of cytochrome bc1 complex, and he characterized the pH dependence of the ܳܪ· EPR 
signal that showed 2 fold decreased in intensity at low pH with an apparent pK of 7.7.  In our 
experiments, pKs 8.3, 8.5, 8.6, and 8.5 for E295 – G, W, K, and Q mutants could be from a ܳܪ· 
at the Qo-site, and the difference in values from pKs of SQ in Complex I and II could be due to 
difference in local protein interactions, local dielectric environment, and water molecules at Qo-
site.   
E.  Markedly Reduced Vmax of the E295 Mutants Could be Attributed to the Second                                      
      Electron Transfer as the Rate-Limiting Step 
    The E-295 W, G, and K  had very slow Vmax that are at most 100 fold slower than the 
wild-type rate for the most inhibited mutant (E295W) at physiological pH (Table IV.6 and 
Figure IV.9).  Because the rates were in the range of tens of milliseconds, this is ~ 70 fold slower 
than the rate-limiting step of ~ 1 ms for the first electron transfer.  In the second electron transfer 
of the bifurcated reaction, the transfer is definitely inhibited but not completely for the mutants.  
These mutations at Glu-295 position could have prevented the proton transfer of  ܳܪ· species at 
the Qo-site, which could prevent electron transfer to cyt bL heme.  An alternative proton pathway 
for this deprotonation may find its way through water molecules, or through other amino acid 
residues around the catalytic sites, or to the ISPox if it is available.  It is apparent that the electron 
transfer to cyt bL heme is taking place but at a slow rate from the distal site, or at the proximal 
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site if the glycine, tryptophan, or lysine mutants do not block the proximal site.  It is possible that 
the Gly-295 mutant enabled  ܳ·ି to move closer to the proximal site since it is a small nonpolar 
residue.  It is also plausible that the Trp-295 could be an electron acceptor since it has a pi-
conjugated bonds and is an aromatic residue, and, thus, it could facilitates the electron transfer to 
heme bL; even though it blocks ܳ·ି from approaching the proximal domain, it could shorten the 
electron transfer by being the electron acceptor prior to transfer to heme bL.  Although Lys-295 
has a long side chain, it had a similar kcat as the Gly-295 mutant.  As mentioned previously, the 
electron transfer for this mutant could be taking place at the distal or proximal domain, which the 
measured Vmax is 50 fold faster than  ν = 0.76 s-1 or slower than 1.9 x 103 s-1 respectively for the 
calculated electron transfer rates at the distal site and proximal site.   
 
F.  Myxothiazol Resistant and Higher Quinol Binding Affinity of the E295W Mutant       
      Indicate Stabilizing Factors for ES-Complex and Two Distinct Binding Sites at the Qo-   
      site 
 
 Mutations at the Glu-295 residue of cyt b had several effects at the Qo-site.  The ES-
complex is minimally held together by binding forces from hydrogen bonding between the Nε— 
imidazolate of His-161 of ISPox and the OH—of  QH2, and the hydrogen bonding between the 
(COO- ) of  Glu-295 cyt b to the other OH— of QH2, which is confirmed by spectroscopic and 
kinetic studies for the former (24, 90), and hypothesized from model structures of quinol using 
stigmatellin bound and native cyt bc1 complex X-ray crystal structures, and preliminary pre-
steady state kinetic studies on the KM of Glu-295 mutants in aerobic conditions (18, 21, 24) for 
the latter.  Since the Rieske ISP has not been modified for the E295 mutant strains, any changes 
in the binding affinity from these strains should be due to these mutations.  In the Trp-295 
mutant, 25 μM of myxothiazol, which is 5x in excess that is needed to inhibit the same 
concentration of wild-type strain, was necessary to completely inhibit the second electron 
transfer.  The Trp-295 mutant also had 2x more binding affinity to QH2 in its apparent KM than 
the wild-type cyt bc1 complex (Figure IV.10).  These results indicate that distal and proximal 
domains are involved in the mechanism of the bifurcation reaction.  Myxothiazol binds at the 
proximal domain so the bulkness of the Trp-295 residue prevents it from binding.  In contrast, 
binding of QH2 is at the distal domain, which allows Trp-295 residue to stabilize it through 
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hydrophobic interactions with the aromatic ring structure of QH2, and does not prevent the first 
electron transfer.   
 
G.  Markedly Reduced kcat is Best Interpreted as the Glu-295 to be the Proton Acceptor  
      and to Facilitate Proton Exit of Deprotonation of ࡽࡴ· 
 
 We have proposed the Glu-295 to be the proton acceptor of the deprotonation of ܳܪ· at 
the Qo-site because it is the closest residue along with Nε – imidazolate His 161 to the ܳܪଶ in the 
modeled bound ܳܪଶ X-ray crystal structure of the bc1 complex (21).  In addition, the Glu-295 
has different structural configurations that allow it to be in distance for H-bonding with the 
hydroxyl group of ܳܪଶ (21) and with the water molecules chain that is 130o away from the H-
bond plane interactions with ܳܪଶ at the Qo-site.  The Glu-295 residue H-bonding with ܳܪଶ 
requires its side chain to be ionized, which is possible at physiological pH since its charge can be 
stabilized through H-bonding with ܳܪଶ or either one or the two H2O molecules near the Qo-site.  
This H-bond interactions with ܳܪଶ stabilizes and drives the affinity in favor for ܳܪଶ than ܳ.  
Indeed, structural and kinetic studies show that ܳܪଶ has 10 fold more binding affinity for the 
ISPox.cyt bL – complex than ܳ (48).   
 The measured kcat for the E295G mutants – W, G, K, and Q were markedly reduced at 
most to 79 x fold for Trp-295 mutant, and 30x fold for Gly, Lys, and Gln-295 mutants than wild-
type at pH 6.0 – 9.0 (Table IV.6, Figures IV.6-9).  The best interpretation for these results is that 
the deprotonation of ܳܪ· is strongly inhibited because of the loss of the proton acceptor Glu-295.  
Although local structural arrangement could occur from these mutations and contribute to the 
decrease in the rate of electron transfer, the Qo-site has been shown to have good plasticity in 
accomodating varying structures of quinol analogs.  Moreover, it is not expected that the 
mutation at Glu-295 position has an effect on the binding interactions at the Rieske ISP—
cytochrome b interface even though Glu-295 is a weak ligand to the ES-complex and contribute 
~ half of the binding affinity to QH2 at the Qo-site (18).  Structural studies on E295- G and Q 
mutants using EPR spectroscopy show a normal gx = 1.80 signal, suggesting mutations did not 
inhibit or change the interactions between quinone and ISPred (ISPH), and that Glu-295 does not 
stabilize/interact with the quinone (21).  In addition, Gly-295 mutants show no change in the 
activation energy on the rate-limiting step (18), suggesting that the rate of the first electron 
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transfer to the high potential chain is unchanged.  The local structures for these mutations can be 
studied using a stopped-flow freeze-quench apparatus and EPR spectroscopy to determine the 
interactions between the Glu-295 mutants and ܳܪ· intermediate.   
 The kcat values for the E295G mutants – W, G, K, and Q (Table IV.6) that were 
determined from the pre-steady state kinetics at varying ܳܪଶ concentration (Figures IV.6-7), and 
from the pre-steady state kinetics of the electrochromic band shift assay (Figure IV.8) both under 
anaerobic and at 24oC conditions were very close to the kcat values that were measured at 50% 
reduced quinol pool under anaerobic and 24oC (Tables IV.1-5, Figures IV.1-5).  Studies on the 
same E295 – W, L, G, Q, D, and K mutants under aerobic, ambient potential, and at pH 7.0 (24) 
and E295—D, G, Q (21)  do not show the same kcat values from this work.  This is expected 
because of different conditions used in the assays.  The other work show a more strongly 
inhibited quinol turnover that is ~ 2 – 3 fold more inhibited than those measured under anaerobic 
and maximal rate conditions (this work).  
 Another factor that can contribute to the very slow second electron transfer seen in these 
mutants is the distance traveled by the electron from the ܳ·ି to heme bL.  The distance of the 
electron traveled contributes to the rate of electron transfer reaction as shown in the 
Marcus/Moser-Dutton Equation (Equation 6).  Using the Eyring, Randall-Wilkins theory, 
equation of rate based on distance travel derived in Equation 7: ݇௖௔௧ ൌ ݇ ሾܧܵሿڔ for the forward 
electron transfer to bL heme, and because the semiquinone occupancy, ሾܳܪ·ሿ, is theoritical low in 
probability, the distance of traveled becomes a crucial part of the electron transfer.  Crofts 
calculated the forward rate constant from the distal domain by: at the distal domain, r = 12Å,  
݇ଶௗ ൌ 1.9 ൈ 10ଷ ݏିଵ using Glu-295 ݒ ~ 10 ܳܪଶ  ௠௢௟௘ ௘௠௢௟௘ ௕௖ଵ ·௦ , and ሾܳܪ·ሿ ~ 0.005 per monomer 
(45).  For the proximal domain, he uses: r ~ 6 Å, and ݇ଶ௣ ൌ 9 ൈ 10ଵ଴ ݏିଵ using the 
Marcus/Moser-Dutton Equation (Equation 6).                             
                       ݈݋ ଵ݃଴ ݇௖௔௧ ൌ 13 െ  ఉଶ.ଷ଴ଷ ሺܴ െ 3.6ሻ െ  ߛ 
ሺ∆ீಶ೅೚  ା ఒಶ೅ሻ
ఒಶ೅                           (6) 
                                              ݇௖௔௧ ൌ ݇௢ · ݁ݔ݌൫Δܩா#் /ܴܶ൯                                             (7) 
Δܩா்ڔ
ܴܶ ൌ ܮ݊ ܭ
ڔ 
݇௖௔௧ ൌ ݇௢ ሾܭሿڔ 
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where β is 1.4 that is the slope of Moser-Dutton relationship between log10k and distance of 
electron traveled, R is the distance in Å, ߛ is 3.1 in Marcus /Moser-Dutton equation for 
contribution of quantum mechanical factor of the tunneling component, ∆ܩா்௢  in Volt is the 
driving force for the electron transfer step, and ߣா் is the reorganization energy in Volt (1).  
 The ݇௖௔௧ values for E295G – W, G, K, and Q (Table IV.6) are in the order of the rate of 
electron transfer at the distal domain compared to ݇௖௔௧ ൌ 1 ൈ 10ଷ ݏିଵ at pH 8.0 for the wild-
type strain (Table IV.6), where the electron transfer of the ܳ·ି corresponds to at the proximal 
domain.  These results confirm that Glu-295 residue is facilitating the second electron transfer by 
functioning as the proton acceptor of the deprotonation of ܳܪ· at the distal domain, and by 
transferring this proton to exit the complex by rotating > 130oC towards the water molecules 
channel that leads to the aqueous side of the membrane.  The rotation of 130oC by Glu-295 
leaves the proximal domain free from obstruction so that  ܳ·ି can freely diffuse to the site and 
transfer its electron to the heme bL 1000 fold faster than from the distal domain of the Qo-site.  
The vectorial displacement of the  ܳ·ି from the distal site to the proximal site is ~ 6 Å at a low 
dielectric phase, and this displacement would be expected to have a minimal electrogenic 
contribution as seen experimentally (21, 94). 
 
H.  Electron Gating Mechanism for Wild-type and Glu-295 Mutants 
 
 The bypass rates for the wild-type and the Glu-295 mutants were not significantly 
different.  The same electron gating mechanism should still apply although a different proton 
linked electron transfer mechanism is taking place since the mutations abolished the functional 
group ability to accept the proton transfer.  Because the rates of electron transfer for the Glu-295 
mutants were very inhibited, these suggest a very inhibited proton transfer and or a very inhibited 
electron transfer from semiquinone oxidation.  The SQ anion (ܳ·ି) is negatively charged.   
Increasing the pH would help deprotonate the ܳܪ· and increase the rate of electron transfer as we 
see from the data.  However, the bypass rate did not change significantly in the Glu-295 mutants 
as pH was increased even when ܳܪ· spent more time at the Qo-site in these mutants, and ISPox 
should readily oxidize ܳ·ି; the ܳܪ· occupancy must still be very low.  The oxidation of ܳܪ· in 
this case could go either forward reaction or bypass reactions or both.  An occupancy of  [ܳܪ·] 
was found recently to be 8 x 10-5, and using the rate-limiting step to be ݒ ~ 1 ൈ 10ଷ ݏିଵ, the rate 
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constant for the first electron transfer should be k ~ 125 x 105 s-1 , which is 15x more than what is 
calculated, kp = 8 x 105 s-1 because of the higher SQ occupancy was used for the former.  A rate 
of bypass reaction for wild-type at most was 4.5 s-1.  This would give SQ occupancy of 3.6 x 10-7 
for the former rate constant and 5.63 x 10-6 for the latter.  However, using the rate of the second 
electron transfer for the E295W mutant at the high of 22 s-1 and using k2d = 1.9 x 103 s-1, the 
occupancy is 0.0116.  If the occupancy is 0.0116, this gives and a by pass rate at 9.2 x 103 s-1, 
which is 2000 fold more than the measured rate.  The occupancy of 8 x 10-5 x 15 = 0.0012 would 
give a bypass rate of ~ 960 s-1, which is ~ 213 fold more than bypass reactions for wild-type and 
E295 mutants.  This could mean that most of the ܳܪ· oxidation for the mutants were going 
through the second electron transfer reaction, and a limited amount is going to the bypass rates.   
 In terms of electron “gating” mechanism, this means that when QH• is deprotonated by a 
H2O molecule, Q•‐ stays at the distal domain followed by an electron transfer to cyt bL heme if 
this heme is oxidized, and if both bL and bH are reduced for the case of antimycin inhibited 
complex at equilibrium, then Q•- stays in the distal domain until it is oxidized by ISPox.  This 
bypass reaction should be slow, according the measured rates, due to possible reasons discussed 
earlier.  
  
I.  Mutations at Glu-295 Cyt b Changed Slightly the Binding Affinity of the ES-Complex 
 
 The ES-complex consists of two diffusable substrates.  One of the substrate is the 
tethered Rieske ISP that can diffuse back and forth to the binding interface of cyt b and cyt c 
during the mechanism.  The other substrate is the mobile ubihydroquinol that diffuses in the 
membrane and find its binding site.  The ES-complex undergoes a metastable ES-complex, 
[ܧܵ]#, when the configuration of the ES-complex is close to the product configuration for the 1st  
proton-coupled electron transfer to ISPox. 
 
   ܧܾ௅. ܳܪଶ  
ܫܵ ௢ܲ௫֎ 
.
 ܧܾ௅. ܳܪଶ. ܫܵ ௢ܲ௫   ֎    ሾܧܵሿڔ  ֎  ܧܾ௅. ܳܪ· ൅  ܪܫܵ ௥ܲ௘ௗ  ֐  ܧܾ௅ି ൅  ܳ ൅  ܪܫܵ ௥ܲ௘ௗ ൅  ܪା 
ܳܪଶ բՠ                գա ܳܪଶ                                                                                                                    (8) 
          ܧܾ௅   
.
֎
ܫܵ ௢ܲ௫
 ܧܾ௅. ܫܵ ௢ܲ௫    
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 Previous kinetic data on Glu-295 mutants – aspartate and glycine showed an apparent KM 
for quinol that are 2 – 2.5 x fold higher than wild-type strain (21).  This is in the range ൑ 1 
kJ/mol for binding energy contribution of H-bond from Glu-295 cyt b (1).  Palsdottir et al. (39) 
had discussed possible secondary ligand binding of Glu-295 to orient ܳܪଶ at a favorable 
configuration for binding of ISPox.   The association constant for the binding is Ka ~ 4, which 
should be in the same range as binding of  ˉOOC – of Glu-295 via H-bond to ܳܪଶ (1).  This was 
confirmed from the change in the KM in Gly-295 mutant, where 
௄ಾ,ಸ೗೤
௄ಾ,ಸ೗ೠ ൌ 2.4 (1, 21).   
 The results for the apparent KM for Glu-295- Gly, Trp, Lys, and Gln mutants also showed 
changes in the binding affinity (Figure IV.10) above pH 6.0 versus wild-type.  At pH 6.0, no 
change in KM was seen for the wild-type versus mutants, which could indicate the pKa of 
(CO2H) Glu in proteins to be in the range 2 – 6.  At pH 6.5, all of Glu-295 mutants (except Q 
mutant was not measured) had lower apparent KM than the wild-type, and only the wild-type 
changed in KM ~ 5 whereas the mutants stayed at KM ~ 2 for G and W, and ~ 1 for K mutants, 
which is ~ 2.5x more affinity for ܳܪଶ in the G and W mutants and is at the low end for a London 
force interaction (4 kJ/mol at lowest) for the Gly and Trp-295 (~2+2 kJ/mol in difference vs. 
Glu) mutants with the ܳܪଶ substrate.  And for the K mutant ~ 5x more affinity for ܳܪଶ and is at 
the range of electrostatic interactions with ܳܪଶ by permanent dipole induced dipole interactions. 
The varying KM for Gly-295 mutant at different pHs maybe due to local dielectric effects on the 
binding of ܳܪଶ at the Qo-site.  At pH 7.0, the wild-type had an apparent KM = 4 while the 
mutants had apparent KM: Gly-295 – 7.1, Gln-295 – 10, Trp-295 – 2.3, and Lys-295 – 1.1.  
These give relative changes in apparent KM of 1.8 for G-mutant, 2.5 for Q mutant, -1.8 for W-
mutant, and -3.7 for K-mutant.  The relative change in the apparent KM for the G-mutant is about 
the same as the published result ~ 2.4 (21).  The relative changes in the apparent KM for the G-
mutant versus wild-type were: 1.8 (pH 7.0), 1.3 (pH 7.5), and 1.5 (pH 8.0). The change in 
apparent KM = -2.3 for the W-mutant remained the same for both pH 6.5 and 7, and remained 
about KM = -1.5 to -1.3 for pH 7.5 – 8 relative to wild-type.  In the Lys-295 mutant, the relative 
changes for the apparent KM versus wild-type were: -3.7 (pH 7.0), -3.7 (pH 7.5), and -1.3 (pH 
8.0), which could be due to the lysine dipole-induce interaction with quinol.  For the Gln-295 
mutant, the change in apparent KM were 6 (pH 7.5) and 3.6 (pH 8.0).  These results suggest that 
the same binding forces are active for the Glu-295 mutants within the pH range tested, and KM 
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has no pH dependence (Figure IV.9).  Within errors, the apparent KM for the wild-type also did 
not change from pH 6.5 – 8.0.  In addition, these results suggest that the ionization state of the 
ES-complex is not pH dependent at pH 6.5 – 8.0 since (COO¯) of Glu-295 cyt b is likely to be  
deprotonated from pH 6.5 – 8.0, and the His-161 of ISPox is partly deprotonated.  The process 
that is involved is 
 
ܧܾ௅. ܳܪଶ  
ܫܵ ௢ܲ௫֎ 
.
 ሾܧܾ௅. ܳܪଶ. ܫܵ ௢ܲ௫ሿ     
                                            ܳܪଶ բՠ                       գա ܳܪଶ                                                   (9) 
                                                           ܧܾ௅   
.
֎
ܫܵ ௢ܲ௫
 ܧܾ௅. ܫܵ ௢ܲ௫         
                                                            
ሾܧܾ௅. ܳܪଶ. ܫܵ ௢ܲ௫ሿ    is the ES – complex            
  
 The mutations at Glu-295 cyt b could have different effects on the binding affinity of ܳܪଶ at the 
Qo-site because this residue is at a low local dielectric environment as shown in Figure IV.14.                                
 
J.   Effects of Cyt b Glu-295 Residue on the Binding Affinity of Quinol to the Qo-site 
 
 The mid-point potential of the ES-complex, ܧ௠ாௌ, at various pH for wild-type and Glu-295 
mutants are shown in Figure IV.11, and the values are shown as ܧ௠ாௌ on the graph next to the 
curves.  The mid-point potentials were calculated at half the maximum height of the plot of rates 
of cyt bH reduction as a function of Eh by fitting the plot to the Nernst equation of 1 n variable 
Nernst component.  The apparent association constant, Ka, for quinol binding on the ES-complex 
can be calculated from ܧ௠ாௌ using the relationship derived by Crofts (43), assuming that 
∆ܩ௢~0 ܽ݊݀ ܭொ ~ 1 for binding of ܳ to the ES-complex (see (43) for discussion), 
 
ܦܪଶ ൅  ܳ ֎  ܦ ൅ ܳܪଶ                                                     (10) 
where ܦܪଶ: ܦ are redox couple that reduce ܳ, which gives, 
∆ܩ° ൌ െݖܨ∆ܧ° ൌ  െݖܨሺܧ௙௥௘௘ ொுଶ െ ܧ஽ሻ  
 
ܳܪଶ ൅  ܧ. ܫܵ ௢ܲ௫  ֎ ܧ. ܫܵ ௢ܲ௫. ܳܪଶ                                            (11) 
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 where ܧ. ܫܵ ௢ܲ௫. ܳܪଶ is the ES-complex, and,  
∆ܩ° ൌ  െܴܶܮ݊ܭொுଶ 
and ܭொுଶ is Ka 
Summing 10 and 11 gives the reduction of ܳ relative to ܦܪଶ: ܦ and binding of ܳܪଶ to the 
enzyme,  
ܦܪଶ ൅ ܳ ൅  ܧ. ܫܵ ௢ܲ௫  ֎ ܦ ൅ ܧ. ܫܵ ௢ܲ௫. ܳܪଶ                                      (12)     
 
                                ∆ܩ௢௩௘௥௔௟௟௢ ൌ  െݖܨሺܧாௌ െ ܧ஽ሻ                                             (13) 
since,      ∆ܩ௢௩௘௥௔௟௟௢ ൌ ∑ ∆ܩ௝୬୨ୀଵ  
∆ܩ௢௩௘௥௔௟௟௢ ൌ  െݖܨሺܧாௌ െ ܧ஽ሻ 
                                                                      ൌ െݖܨሺܧ௙௥௘௘ ொுଶ െ ܧ஽ሻ െ ܴܶܮ݊ܭொுଶ                (14) 
 
by substitution of Equation 13 to 14, and rearraging the equation, 
                                                           ܭொுଶ ൌ  ݁ሺ
೥ಷ
ೃ೅∆ாಶೄష೑ೝ೐೐ ሻ                                                     (15) 
 
 As seen in Figure IV.11 and within errors, the ES-complex mid-point potentials for wild-
type and E295– G, W, and Q mutants were not significantly different at pH 6.0 – 8.0.  Thus, 
these mutations did not affect the apparent ܭொுଶ in the ES-complex.  For the E295K mutant, 
mid-point potentials for the ES-complex were higher than the wild-type at pH 6.5 – 8.0 (Figure 
IV.12), but this is within the error of the measurement so it is still not significantly different than 
those from the wild-type.  However, the dependence of ܭொுଶ on pH follows the same trend as 
those measured from the KM of the K mutant.  The ܭொுଶ at the various pHs can be calculated 
using Equation 15,  ܧ௠ாௌ from Figure IV.11, and using ܧ௠௙௥௘௘ of the quinol at various pHs in the 
graph (Figure IV.12).  Figure IV.12 shows the pH dependence of the ܧ௠ாௌ of quinol, wild-type, 
E295G, W, and K mutants to be ~ -59 mV/pH.  For the Q mutants, the errors were large that no 
conclusion can be made. 
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K.   Redox Properties of Wild-type and Glu-295G Mutant 
 
 Redox potentials of cyt bL, bH, and cT hemes of the E295G mutant at pH 7.0 were not 
significantly different from those of wild-type strain (Figure IV.13. and Table IV.7).  The mid-
point potentials of cofactors in wild-type at pH 7.0 are: cyt bL = - 90 mV, cyt bH = 40 mV, cyt cT 
= 270 mV, and b150 = 150 mV (SQ and bH heme interactions).  However, at pH 7.5 where cyt bL 
and bH hemes, and b150 have mid-point pH dependence similar to quinol pool substrate of -59 
mV/pH , the mid-point potential of cyt bL for E295G mutant at pH 7.5 was higher than from 
wild-type strain as tabulated in Table IV.7 (wild-type Em7.5 values were from Holland, JT (63)).  
Thus, the mutation had an effect on the driving force of the electron transfer on the heme bL, 
increasing the mid-point potential of the heme bL.  If this is accurate, then Glu-295 is modulating 
the driving force of the electron transfer through heme bL since the mid-point potentials for bH 
and b150 were the same from those of wild-type, suggesting heme bL does not modulate the mid-
point potentials of bH and b150 as expected.  Current work is in progress for E295G and E295Q 
mutants at pH 6.0 – 8.0.  This could suggest that in the Gly-295 mutant, the second electron 
transfer is increased in this mutant versus the wild-type, but because Gly-295 mutant can not 
accept a proton from SQ intermediate, the electron transfer step is diminished.  This also 
suggests that Glu-295 is prohibiting electron transfer from bH to bL by lower the potetial of heme 
bL, increasing the catalytic efficiency of the forward electron transfer.  In addition, antimycin 
bound at the Qi-site does not change the mid-point potentials of these cofactors (63) so these 
results are not due to the antimycin at the Qi-site.  
 
IV.5.  DISCUSSION 
 
 The Glu-295 of cyt b has been shown to play a crucial role in the delivery of the second 
electron transfer from SQ at the Qo-site to the low potential chain, as seen from the dramatic 
reduction in rate of the bifurcated reaction in Glu-295 to glycine (G), tryptophan (W), lysine (K), 
and glutamine (Q) mutants.  In stigmatellin-containing structures, the Glu-295 residue has been 
shown to hydrogen bond to a HO- of inhibitor, and this feature has been included in models of 
the ES-complex.  Earlier work had suggested that the bond represented a relatively low binding 
affinity, but nevertheless had important consequences.  The Glu-295 was proposed to serve 
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several important functions (21, 27): (i) as the acceptor of a proton from the neutral SQ (QH•) 
formed at the Qo-site on transfer of the first electron (and H+) to ISPox, and (ii) as a pathway 
through which the proton could be transferred, by side chain rotation, to the H2O-chain exit-
channel.  A third feature of the mechanism (iii) was also tied to the rotational displacement of the 
glutamate side chain; on rotation, the volume of the site proximal to heme bL was opened up, and 
it was suggested that movement of the SQ anion (Q.-) within the site to this volume would 
shorten the distance, and so it facilitates the second electron transfer by increasing the intrinsic 
rate constant by ~1000-fold.  In the present work, we have used a more complete set of 
mutations at the Glu-295 position to explore this scenario in greater detail.  Preliminary work (7, 
24) had demonstrated the substantial inhibition of turnover when kinetics were measured under 
aerobic conditions, with oxidase activity blocked by KCN, and the system poised by addition of 
ascorbate.  This led us to suggest a coulombic gating model to account for the relatively low rate 
of bypass reactions under conditions in which SQ might be expected to accumulate in the site.  
Our new results allow us to extend the discussion of the mechanism of the second electron 
transfer to take account of new insights.  
Several factors have to be taken into account in framing the discussion.  In addition to the 
well-established constraints intrinsic to the Q-cycle ((5, 12), and our present understanding of the 
first electron transfer as the rate limiting process (1, 43, 44, 48, 53), the following factors 
pertinent to the second electron transfer should be considered: 
1.  Under normal forward electron transfer in the absence of a proton gradient, no superoxide 
(SO) is generated when the complex operates in an aerobic environment, but when electron exit 
from the low potential chain is inhibited (by antimycin inhibition, by backpressure from the 
proton gradient, or in Qi-site mutants that cripple electron transfer to the site), a maximal SO 
production is observed, which may be several percent of the normal forward rate.  It is now well 
established that SO production involves SQ as donor to O2, and, therefore, it seems likely that 
SQ accumulates in the site under these deleterious conditions.  In order to keep the SQ 
occupancy down, the second electron transfer must occur at a rate greater than the rate limiting 
step in which SQ is generated, by at least a factor of 10.  
2.  The more rapid rate of the second electron transfer is also required to explain why the overall 
rate is not dependent on the driving force for the second electron transfer (18, 24). 
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3.  The rate of the second electron transfer is determined by the rate constant and the occupancy 
of the SQ.  The first electron transfer is endergonic, and a value for the equilibrium constant can 
be estimated from the occupancy measured in recent experiments of 0.01 at pH 9, under 
conditions in which the stability is maximized, and equilibrium is pushed far to the right (22, 45). 
Zhang et al. (46) estimate a stability constant at pH 9 in the range 10-14 to 10-15, and an 
equilibrium constant Keq ~ 10-8.  At pH 6, no Qo-site SQ was detectable under otherwise similar 
conditions at the rather poor signal-to-noise ratio of their data. Assuming a pH profile for 
occupancy similar to that for the bypass reactions determined in this work, the occupancy at pH 
7.5 where the forward rate is close to maximal, would ~4-fold lower than at pH 9.  Previous 
discussion of rates have been in the context of how the SQ occupancy could be kept low, so as to 
minimized bypass reactions (18, 24, 95), and estimates of a minimal occupancy in the range >10-
8, but these need to be revised to take account of the experimental values.  The measured bypass 
rates reflect the occupancy far from equilibrium.  
4.  Previous discussion has been based on values for rate constant estimated from distance using 
the approach suggested by Moser, Dutton and colleagues (54, 71, 96), but these also need to be 
re-evaluated based on experimental occupancy and the rates observed in the Glu-295 mutants. 
5.  The second electron transfer is a complicated process in which electrostatic effects have to be 
taken into account (7, 24). These involve changes in charge state of the reactants (QH•/Q -•, 
ferri/ferro heme bL, glu295H/glu295-), and distance parameters that change during the course of the 
reaction.  Although the ferriheme is normally considered as formally +ve (it is the paramagnetic 
form), and the ferroheme neutral, the pH dependence of Em has to be considered (the center 
behaves as an H-carrier), together with a possible dissociation of the propionates, which are in 
H-bond contact with the water-chain through which H+ exit is thought to occur.  Detailed 
consideration of these interactions will require an understanding of local electrostatic profiles in 
the protein, and the molecular basis of dielectric constant, which are not yet available.  However, 
given these considerations, a re-evaluation of the simplistic coulombic gating mechanism 
previously proposed might be called for.   
 
Rate of the second electron transfer, and the degree of inhibition in mutant strains 
The second electron transfer must be at least 10 times faster than the ~103 s-1 of the 
limiting step, so the inhibition seen in the more crippled glutamate mutants must represent a 
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degree of inhibition >1000. However, the rate in the mutants likely reflects an occupancy of SQ 
at least 10-fold higher than that in the native complex, so the degree of inhibition is likely even 
greater. Ozyczka et al. (97) measure similar rates in Rb. capsulatus mutants, but emphasized the 
fact that turnover still occurred, and in some strains at higher pH could be as high as 50% wild-
type rates, and on this basis considered the glutamate as replaceable. However, given the above 
considerations, the degree of inhibition was likely much greater than suggested by their analysis.  
Wenz et al. (98) studied mutations at Glu-272 in yeast bc1 complex and showed QH2 oxidation 
rates with absolute values in a similar range to those measured here and in previous work (21, 
24, 97). However, when the rates in these mutants were compared to rates measured in wild-type 
they appeared to be relatively uninhibited. This is because the wild-type rates were slow, - ~20-
fold slower than those measured in Rb. sphaeroides. As a consequence, when expressed in units 
of percent, they appeared to be relatively uninhibited (13% for Q mutant, and 59% for D mutant) 
compared to the previous values (<4% for E295Q, and 11% for E295D in (21)), and those 
reported here. The low turnover number (~50 s-1) for their wild-type cyt bc1 complex was 
measured from the steady-state cyt c reductase activity using decylubiquinol as substrate for the 
isolated bc1 complex in a detergent-solubilized micellar suspension. It seems likely that the low 
rate reflects a limiting substrate access, which would have limited the rate for wild-type more 
than that in the crippled strains. We conclude that glutamate at this position is essential for the 
rapid rates measure in situ in Rhodobacter. Rates in mitochondrial membranes would likely fall 
in the same range, so the same conclusion would hold for these complexes.  
The occupancy of SQ under conditions of normal forward electron transfer would be at 
least 10-fold less than the maximal amount seen experimentally. When convoluted with the 
factor above, this would suggest a requirement for a rate constant of >108 s-1. From the work of 
Zhang et al. (46), the actual values might be considerably less favorable.  Rate constant 
calculated using a Moser-Dutton approach depend on parameters, but values in the range 1-3 
×107 can be justified for a distance of 11 Å, the shortest gap between atoms on stigmatellin and 
heme bL. Electron transfer at the observed forward rate from a SQ at this position is therefore on 
the border-line of plausible. Movement of the SQ closer to heme bL increases the rate constant 
calculated by a factor of 103-104 (myxothiazol containing structures show a shortest distance to 
heme bL in the range 4.7 – 6.3 Å), bring the value well above the minimum calculated above.   
 
84 
 
Contribution of Glu-295 to the affinity of QH2 at the Qo-site 
 Mutation of Glu-295 had a dramatic effect on the overall rate of QH2 oxidation, but it is 
unlikely that this came from a direct effect on the first electron transfer. However, in 
stigmatellin-containing structures, the side chain carboxylate forms a H-bond with a –OH group 
of the inhibitor, and this feature is incorporated into models of the ES-complex, leading to an 
expectation that it would contribute to the affinity of the site for QH2, and hence the KM. In 
earlier work, a 2-fold increase in Km was measured, in the expected direction. This contribution 
was small compared that from the interaction with ISPox (43).  In the present work, the changes 
in binding affinity of these Glu-295 mutants compared to wild-type were also small, but there 
was no consistent pattern to the sign of change; - KM increased in some strains but decreased in 
others.  The change in apparent KM from the wild-type in E295G was in the range for a weak H-
bond interaction with the quinol, but in E295W, Q, and K, the change was not significant, or in 
the opposite direction.  From this it seems clear both that the contribution, if any, of the H-bond 
to affinity is relatively small, and that other factors also come into play, the former would be 
expected to act as donor.  The nature of the H-bond will depend on which partner is the H-bond 
donor.  From the pK values expected for quinol –OH, the former is likely the donor.  However, 
pK values in the protein can vary widely from those measured in an aqueous environment. The 
pH dependence of KM allows us to explore this scenario. The lack of any major effect suggests 
that neither the glutamate nor the quinol has a pK in the range tested.  In addition, the same 
conclusion can be gathered from the relative affinities of Q and QH2 indicated by the shift in 
EmES from that of the pool, which tracked the Em dependence of the pool, with an offset.   
 
The pH dependence of the bifurcated reaction in mutant strains 
The pH dependence of quinol oxidation has been greatly studied, but interpretations are 
controversial.  In wild-type, the dependence can be well accounted for by the involvement of the 
imidazolate form of His-152 in formation of the ES-complex, and the role of the pKox1 of this 
group in determining the activation barrier.  The pH dependence could be well fitted by two pKs, 
with activity dependent on the dissociated form of the group with lower pK, and association of 
the group with higher pK, and by a displacement of the lower value from pKox1 by the affinity of 
formation of the ES-complex.  In ISP mutants with changed values for pKox1, the change in the 
apparent pK from the pH dependence tracked the changed value of pKox1.  In the Gu-295 
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mutants, this behavior was replaced by a pK dependence that was relatively weak over the range 
pH 6-7.5, and showed a steep increase in rate over the range >pH 8 where the wild-type shows a 
decrease in activity.  The pK for this effect is in the range ~8.5 ±0.3 for the four strains tested.   
The ionizing group with pK ~8.5 revealed from the titration curves must be from an intermediate 
of the second electron transfer step.  The best candidate for this ionizing group is the substrate 
semiquinone couple (ܳܪ·/ܳ·ି).  Possible candidates are protein side chains, but, apart from the 
ISP ligands, the only dissociable group in the immediate neighborhood is the glutamate lost in 
these mutants, and the mutations Gly, Trp, Lys, and Gln do not have ionizing groups in this pH 
range.  The increase in rate for these mutants at high pH can be explained by the increase in 
occupancy of the ܳ·ି form, assuming that this is the immediate electron donor.  This would be in 
line with the mechanism proposed for the wild-type, but with the catalysis of deprotonation 
through replacement of Glu-295 by a simple pH dependence, presumably dependent on 
equilibration with the external aqueous phase.   
This explanation for the changed pH dependence is in marked contrast with that 
suggested by Wenz et al. (98).  They determined the pH dependence of turnover under steady 
state conditions, measuring decylUQH2:cyt c reductase activity using the isolated complex from 
yeast (Saccharomyces cerevisiae) in wild-type and two mutants at Glu-272 (equivalent to Glu-
295 in R. sphaeroides).  Their pH-dependence curves were analyzed using the 3-component fit 
suggested by Covian and Moreno-Sanchez (99) that showed loss of a component with pKa ~ 6.2 
in their E272D and E272Q mutants.  They interpreted this as demonstrating that this pK was due 
to the glutamate, and they assigned the other two pKs with values ~ 7.5 and 9.5 to His-161 ISP 
measured in the isolated ISP.  The extensive work from our laboratory on the pH dependence of 
QH2 oxidation, determined in situ using mutants in ISP that in which these pK values are 
modified, has established that the apparent pK measured kinetically (at ~6.5 in wild-type) is 
shifted in parallel with the changed pK in these mutants.  This result strongly supports our earlier 
interpretation that the shift represents the binding energy on formation of the ES-complex.  In the 
absence of this data, assignment of the pKa ~ 6.2 to Glu-272 might seem reasonable, but since 
our explanation for the pK ~6.5 component is supported by extensive measurements and a well 
justified theoretic framework, the alternative suggested above seems preferable. The difference 
between the two sets of observations might be attributed to the fact that we are measuring 
reduction of heme bH in situ at the rate determined naturally, which reflects the bifurcated 
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reaction only. The steady state assayed through cyt c reductase activity reflects both the 
bifurcated reaction and the bypass reactions, limited by some artifactual parameters associated 
with the micellar configuration.  
Osyczka et al. (97) studied the pH dependence of the Qo-site reactions in Glu-295 
mutants from Rb. capsulatus by measurement of rates similar to those reported in the earlier 
study (21) and here in this study.  However, they chose to interpret their results in terms of the 
glutamate as an inessential and replaceable component of the reaction, because, when expressed 
in terms of observed rates, the degree of inhibition even in the slowest mutants was never 
complete, and, in some strains, approached to ~50% of the wild-type rates at high pH.  However, 
as noted above, any inhibition represents a loss of activity in the second step that makes it the 
limiting process, reflecting already at least a 10-fold inhibition.  The inhibition is always 
substantial and reflects an important role of Glu-295 in catalysis of the proton transfer step.  The 
fact that inhibition is never complete is intrinsic to the mechanism proposed. The bypass reaction 
and the slow residual bifurcation simply reflect the accumulation of SQ, and natural rate 
constants, as discussed further below. 
In this work, the increase in activity is shifted to a higher pH range and does not 
correspond to the values revealed in analysis of the ISP mutants.  It seems likely that some other 
group is involved, and we tentatively suggest that what we are seeing is the semiquinone 
deprotonation.  Although a semiquinone has been detected at the Qo-site in wild-type bc1 
complex from Rb. capsulatus (22, 45, 46), no work has been reported on the pH dependence or 
using glutamate mutants.  Work along these lines is currently in progress in the lab. 
 
What slows the second electron transfer in the glutamate mutants? 
The bypass reaction rates observed in these mutants were in the same range as observed 
in the wild-type when exit of electrons was blocked by antimycin.  This suggests that the kinetic 
parameters were similar, and that the state of the catalytic site was also similar.  In the backed-up 
state, the second electron transfer is completely blocked by reduction of the b-hemes; in the 
glutamate mutants, the function of site is blocked, but the b-hemes are initially oxidized.  Since 
SQ likely accumulates at the site, the effective rate constant for reduction of heme bL must be 
lowered substantially.  The observed rate can be used to estimate the rate constant in effect in the 
mutants from the measured occupancy in the antimycin-blocked state, giving a value in the range 
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kfeffective ~ 103 s-1, several orders of magnitude lower than that estimated above from the distance. 
We can reach a minimal conclusion that factors other than distance contribute to slow the 
reaction.  The most obvious candidate is the catalysis of proton removal that is lost on replacing 
the glutamate.  The second possibility is a loss of SQ mobility; rotation of the side chain to open 
the volume proximal to heme bL is essential to a rapid electron transfer.  Militating against this 
latter is the high degree of inhibition in E295G, which has no side chain to rotate.  In the 
mutants, another proton acceptor must be replacing the Glu-295.  The most probable acceptor is 
a water molecule; in fact two H2O molecules are H-bonded to Glu-295 in the stigmatellin-
containing structures.  However, H+ egress from this volume would likely be impeded by the SQ 
occupant.  Since the ISPH dissociates from SQ after the first electron transfer, leaving it free in 
the Qo-site, water molecules could also access the Qo-site through the ISP-interface, but again, 
equilibration with the volume proximal to heme bL would be impeded by the bulk of the SQ.  
 
Scenarios for mechanism 
 As noted above, the possibilities for electrostatic interaction during transfer of the second 
electron provide considerable scope for speculation. We have previously suggested that bypass 
reactions could be averted by minimizing electron transfer between SQ and heme bL when the 
heme is reduced, and we have proposed a coulombic gating mechanism to account for this. Any 
such mechanism must depend on details of the electrostatic profile around the reactants, and the 
change in charge on electron transfer.  In particular, Colin Wraight (personal communication) 
has pointed out that a ferriheme bL carrying a positive charge would be an attractive component 
in the context of a mobile ܳ·ି mechanism.  However, the ferroheme would then be neutral, and 
the coulombic repulsion of the gating mechanism would be lost. Overall, given the pH 
dependence of Em for heme bL, the oxidation of ܳܪ· by heme bL could be neutral, but the 
separation of the electron and proton pathways, and the reponse of the protein and local dielectric 
along these paths provide several mechanistic possibilities.  Clearly, a detailed simulation of the 
changes in electrostatic profile during catalysis might be instructive.  
  
Other effects of mutation at Glu-295 
For the mutant tested, the Em values of the hemes (within experimental error) were not 
significantly affected.  The possible exception is the mutation of Glu-295 to glycine affected the 
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thermodynamic property of cyt bL heme to ~ 80 mV higher potential compared to wild-type at 
pH 7.5.  This suggests that Glu-295 cyt b modulates the mid-point potential of heme bL by 
decreasing the heme bL affinity for electrons, and thereby increasing the driving force for 
electron transfer to heme bH.  This could provide another electron “gating” mechanism of heme 
bL to prevent bypass reaction.  The spectrum of the α-bands of the bL heme was not changed by 
the Gly mutation, which is confirmed by the reduced minus oxidized spectra of heme bL of the 
Gly-295 mutant versus wild-type.    
    
A minimal kinetic model for the Qo-site reaction 
  From the considerations above, a case can be made for a model that depends on 
movement of SQ in the Qo-site to facilitate the second electron transfer.  Covian et al. (100) had 
suggested, on the basis of the values for rate constants from (24), that such a model was 
untenable because the previous work had failed to take account of plausible values for diffusion 
coefficient of SQ in the Qo-site.  We agree that the diffusional rate constant was not properly 
considered in that study, but we disagree with the more general conclusion they reached that all 
models involving the movement of SQ in the site are therefore untenable.  In our previous 
discussions, we had assumed that the occupancy of the SQ would be maintained as low as 
possible so as to minimize the probability of by-pass reactions. If the movement from SQd to SQp 
configurations was rapid compared to the rate constant from the SQp position, the overall rate 
would be determined by the electron transfer step, allowing a very low occupancy. However, this 
assumption was not realistic.  The model shown here is expanded from that in Crofts et al. (24) 
by addition of partial processes involving the role of H+ configuration to the activation barrier 
(the Brønsted barrier in the [ES]#-complex), but the other parameters for the first electron 
transfer have been modified to compensate so that these additional processes do not change the 
overall rate constant for the first electron transfer or the equilibrium constant.  The value for rate 
constant of the diffusional step, kdiff ~ 107 s-1, was derived from the diffusion coefficient for 
phospholipids in membranes (~10-8 cm2s-1), which is similar to the value for the diffusion 
coefficient of plastoquinone in the membrane measured by Blackwell and Whitmarsh (101) (10-7 
to 10-9 cm2s-1, depending on protein crowding) , and a diffusion distance of 6.0 Å.  The value for 
k2d was adjusted from that suggested in (24), to 2×103 s-1, to give a rate for the second electron 
transfer (from SQ to heme bL) consistent with the rate observed in E295 mutants (when proton 
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exit and kdiff are limited).  It is likely that the SQ species in the site would be constrained to the 
domain distal to heme bL in these strains, and would be generated to give an occupancy similar to 
that seen in the presence of antimycin (24). The equilibrium constant for the first electron 
transfer was changed from 4×10-8 to 5×10-3, to give a 100000-fold more stable SQ than 
previously assumed, and to take account of levels observed experimentally (22, 45), but this is 
within the range previously considered as plausible (24).  Values for all rate constants are shown 
in Table IV.8.  As demonstrated in Figure IV.15, the kinetics modeled depend strongly on the 
value chosen for kdiff, but the rates of QH2 oxidation predicted using the values shown were in 
the same range as measured experimentally, when the diffusional rate constant was in the range 
106 to 108 s-1, well within the plausible estimates.  The kinetic model provides a starting point for 
a more complete study in which the complexities of the reaction in situ can be further explored. 
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IV.6.  TABLES 
 
Table IV.1-5.  Competing Reactions: Quinol Oxidation versus Bypass Reactions in Cytochrome bc1 
Complex. 
1.  Reactions were measured at pH 7.0, 24°C, and 90 mV (quinol substrates were 50% reduced, which is 
when maximal turnover is observed).  Catalytic constant and Vmax  of quinol turnover were measured 
through heme bH reduction in the presence of antimycin.  For wild-type, kcat was measured from pre-
steady state kinetics after 1 single flash in 10 ms reaction.  For E295 mutants, kcat was measured from pre-
steady state kinetics after 6 sequential flashes in 500 ms to 1 s reaction.   RC reduction was measured at 
pre-steady state kinetics after 6 sequential flashes in the presence of antimycin minus in the presence of 
both antimycin and myxothiazol.  Bypass reactions rate was measured from RC reduction minus cyt bH 
reduction at the same interval time. 
Strain Bypass rate, (s-1) kcat (WT) or Vmax, (s-1) Bypass as % total 
rate 
Wild-type 2.84 649.62 0.39 
E295D 1.70 59.00 2.0 
E295G 1.24 18.60 6.3 
E295K ~ 0 13.77 0 
E295H 0.95 0 100 
E295Q 1.43 9.87 12.7 
E295W ~ 0 4.79 0 
E295L 0.84 8.74 8.8 
 
2.  Reactions were measured at pH 6.0, 24°C, and 149 mV (quinol substrates were 50% reduced).   
Strain Bypass rate, (s-1) kcat (WT) or Vmax, (s-1) Bypass as % total rate 
Wild-type 2.06 341.9 0.60 
E295G 1.35 9.29 12.7 
E295K ~ 0 8.27 0 
E295W 0.50 6.06 7.63 
 
3.  Reactions were measured at pH 6.5, 24oC, and 120 mV (quinol substrates were 50% reduced).   
Strain Bypass rate, (s-1) kcat (WT) or Vmax, (s-1) Bypass as % total rate 
Wild-type 2.01 448.13 0.45 
E295K ~ 0 14.64 0 
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Table IV.1-5 (cont.) 
4.  Reactions were measured at pH 7.5, 24oC, and 60.5 mV (quinol substrates are 50% reduced, which is 
when maximum turnover is observed).   
Strain Bypass rate, (s-1) kcat (WT) or Vmax, (s-1) Bypass as % total rate 
Wild-type 2.22 910.88 0.24 
E295G 1.65 14.53 10.2 
E295K ~ 0 20.08 0 
E295Q ~ 0 11.91 0 
E295W 3.27 11.59 22.0 
 
5.  Reactions were measured at pH 8.0, 24oC, and 31 mV (quinol substrates are 50% reduced, which is 
when maximum turnover is observed).   
Strain Bypass rate, (s-1) kcat (WT) or Vmax, (s-1) Bypass as % total rate 
Wild-type 4.50 999.17 0.45 
E295G 2.70 24.49 9.93 
E295K 3.40 37.09 8.40 
E295Q 6.00 22.53 21.0 
E295W 3.59 10.71 25.0 
 
 
Table IV.6.  Summary of the catalytic constant, kcat, of wild-type and Glu-295 mutant strains. 
 The initial rate of quinol oxidation was measured through the initial rate of heme bH 
reduction (OD 561 – OD 569 nm – 0.1 x (OD 551- OD 542 nm)) in the presence of antimycin from pre-
steady state kinetics for wild-type and Glu-295 mutants from Figures IV.6 – 7 (G, K, and, Q mutants 
curves are not shown).  Catalytic constants were measured from the curve of Michaelis-Menten fit of the 
plots where the Vmax and Km were initially estimated from Eadie-Scatchard Plot.   
 
 Quinol Turnover Number, kcat (s-1) 
pH Wild-type E295G E295K E295W E295Q 
6.0 261 (± 23) 11.4 (± 0.3) -- 6.3 (± 0.3) -- 
6.5 500 (± 19) 11.7 (± 0.5) 10.8 (± 0.5) 6.9 (± 0.1) -- 
7.0 697 (± 20) 19.6 (± 0.9) 14.5 (± 0.6) 7.1 (± 0.3) 17.7 (±1.6) 
7.5 960 (± 40) 21.7 (± 1.7) 20.0 (± 0.5) 10.4 (± 0.5) 17.6 (±1.6) 
8.0 1055 (±61) 37 (± 3) 34.9 (± 2.6) 13.3 (± 0.6) 18.0 (±0.7) 
8.5 897 48.7 46.2 13.8 56.4 
9.0 846 67.1 72.0 23.2 80.4 
9.5 -- -- -- -- 74.4 
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Table IV.7.  Mid-point potentials of cofactors of wild-type (WT), E295G and E295Q mutants. 
 The potentials were calculated by fitting redox titration curves at equilibrium (Figure IV.13) into 
Nernst equations 1 or 3 component(s) of varying n components.  
 Redox Potentiometry,  
E7.0, 24C (mV) 
Nernst Equation Solution Fitted at Each 
Wavelength of the Spectrum, E7.0, 24C (mV) 
Strain cyt bL cyt bH cyt cT b150 cyt bL cyt bH cyt cT b150
WT -90 40 280 150 -90 40 280 150 
E295G -75 ± 15 50 ± 7.0 284 ± 8.5 154 ± 7.0 -96 50 284 150 
 E7.5, 24C (mV) E7.5, 24C (mV) 
 cyt bL cyt bH cyt cT b150 cyt bL cyt bH cyt cT b150 
WT -150 15 280 130 -150 15 280 130 
E295G -62 ± 5.9 43 ± 19 289 ± 7.5 141 ± 21 -68 45 284 145 
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Table IV.8.  Partial processes and kinetic parameters for Qo-site model 
 
Notes: 
a) The value for kon QH shown is that suggested in (102), with the initial [QH2] given as 200 (no units), to 
give an apparent first-order rate constant of 5×104 s-1.  In chromatophores at saturating QH2, the exchange 
of Q and QH2 has no appreciable contribution to the kinetics (103), indicating that these reactions are all 
rapid compared to the rate limiting step. The second-order rate constant determined in situ was ~2 × 105 
M-1s-1 (31), which is a lower limit for the collisional rate constant, giving the observed rate at ~10 mM 
QH2 in the membrane. The diffusion limited rate constant would be considerably higher. The 
displacement of the apparent Em due to formation of the ES-complex shows a tighter binding of QH2 than 
Q by a factor ~10 - 15. 
b) Rates for H+ exchange along H-bonds have been variously estimated on the range 1011 to 1013 s-1 (104). 
The ratio of rate constants gives the equilibrium constant for distribution of the H+, derived from the 
difference in pK values between donor (the -OH of QH2, pK >11.5) and acceptor groups (the Nε of His-
152 (His-161 in mitochondrial sequences) of the oxidized ISP, with pKox1 ~7.6). At saturating QH2, 
electron transfer occurs from the ES-complex, and the value for pKox1 would be less than in the isolated 
ISP because of the binding free-energy (43). A value of 6.5 is used in the simulation (a ΔpK of 105).  
c) The forward rate constant is that for electron transfer from the weakly populated configuration in which 
the H+ is close to the histidine Nε of His-152 (occupancy 10-5 used here, see (b)). The value for rate 
constant needed is therefore 105-fold greater than the observed value.  The value given here is that from a 
Marcus analysis (43) using the distance dependence of Moser and colleagues (54), and λ = 0.935, distance 
7.0 Å, and driving force ΔGo/F = -0.16 V appropriate to the value for Keq shown.  The reverse rate 
constant is chosen to give a SQ occupancy in the range shown by experiment (~0.005 (105)), after taking 
account of the occupancy of the intermediate state.  It is assumed that the reaction is reversible only in the 
ES-complex configuration.  After electron transfer, the H-bond to SQ would break, releasing the reduced 
ISP, which would rapidly rotate away from the ES-complex configuration to passes its electron to heme 
c1. 
d) The forward rate constant that is needed to match the observed rate in strains mutated at Glu-295 (v~10 
QH2/bc1/s), with a SQ occupancy ~0.005 (105), using the relation, v = k(occupancy). 
 
Partial reaction Rate constants Values (s-1)  Keq  
EFeS.b + QH2    EFeS.QH2.b  konQH koff 500×[QH2]  5×103  20 a 
EFeS.QH2.b   EFeS.QH-H.b  kproton  k-proton  107  1012  10-5 b 
EFeS.QH-H.b   EFeS-.SQ(d).b     k1 k-1 1.65×108  3.25×105  510 c 
EFeS.SQ(d).b   EFeS.Q(d).b-    k2d k-2d 2×103  3.2 625 d 
EFeS.SQ(d).b   EFeS.SQ(p).b    kdiff k-diff 107 107 1 e 
EFeS.SQ(p).b   EFeS.Q(p).b-   k2p k-2p 4.3×109 6.9×106 625 f 
EFeS.Q(d).b-1   EFeSb.b- + Q    koff konQ 5×103 50×[Q] 0.5 g 
EFeS.QH2.b-1   EFeS.b- + QH2    koff konQ 5×103 500×[QH2] 0.05 g 
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Table IV.8 (cont.) 
e) An approximate value for kdiff  is given by k ≈ 0.69/t = 1.39D/ <x>2.  The value using x = 6×10-8 cm, D 
= 10-8 cm2s-1 (106), is 1.39 × 108, assuming a 1-dimensional diffusion path. The value use in the Table 
(107) is an example; it was varied in the plot of Fig. IV.15 to generate the different curves. 
f) The forward rate constant for the second electron transfer from SQ in the domain proximal to heme bL, 
calculated using Marcus/Moser-Dutton analysis from the distance given by modeling the SQ as 
occupying the position of myxothiazol in structures (43). The reverse rate constants are chosen so that the 
equilibrium constant is the same from proximal and distal positions, and appropriate for an overall 
equilibrium constant Koverall ~3 for the Qo-site reaction with heme bL as acceptor. 
g) The values chosen reflect a 10-fold tighter binding for QH2 than Q at the catalytic site. As noted in a), 
the actual value is conservative.  
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  IV.7.  FIGURES 
 
  
 
 
Figure IV.1.  Pre-steady state kinetics of quinol oxidation and bypass reaction rates of wild-type and E295 
mutant strains from R. sphaeroides at pH 7.0. 
 
 Pre-steady state kinetics of quinol oxidation of wild-type strain was measured after 1 flash in the 
presence of antimycin.  The reaction was activated using a xenon flash lamp (5 μs at half-height).  The 
reaction was performed at pH 7.0, 24°C, and redox potential of ~ 100 – 90 mV (QH2 oxidation rate close 
to maximal rate).  Pre-steady state kinetics for both quinol oxidation in the presence of antimycin, and 
bypass reactions in the presence of antimycin with and without myxothiazol for the mutant strains were 
measured after 6 sequential flashes at 20 ms apart.  The reduction of heme bH was measured using the 
initial rate to measure quinol oxidation.  The bypass reactions were measured from the intial rate of 
reduction of RC after the last sequence of flashes in the presence of antimycin minus in the presence of 
antimycin and myxothiazol reactions.  Reactions without inhibitors were measured for each strain to 
determine the turnover of the cyt bc1 complex.  Straight upward and downward inflections of RC and cyt 
cT , respectively, depict oxidation following flash activation, followed by relaxation (reduction) as the 
slope line for the cyt cT and RC kinetic traces.  
96 
 
  
 
 
 
Figure IV.1 (cont.)   
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Figure IV.1 (cont.) 
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Figure IV.2.  Pre-steady state kinetics of quinol oxidation and bypass reaction rates of wild-type and E295 
mutant strains from R. sphaeroides at pH 7.5, 61 mV and 25°C.  The same conditions and representation 
as pH 7.0, but potential is adjusted for pH dependence of the redox potential of quinone/quinol pool. 
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Figure IV.3.  Pre-steady state kinetics of quinol oxidation and bypass reaction rates of wild-type and E295 
mutant strains from R. sphaeroides at pH 8.0, 31 mV and 25°C.  The same conditions and representation 
as pH 7.0, but potential is adjusted for pH dependence of the redox potential of quinone/quinol pool. 
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Figure IV.4.  Pre-steady state kinetics of quinol oxidation and bypass reaction rates of wild-type and E295 
mutant strains from R. sphaeroides at pH 6.5, 120 mV and 25°C.  The same conditions and representation 
as pH 7.0, but potential is adjusted for pH dependence of the redox potential of quinone/quinol pool. 
 
 
 
 
 
Figure IV.5.  Pre-steady state kinetics of quinol oxidation and bypass reaction rates of wild-type and E295 
mutant strains from R. sphaeroides at pH 6.0, 149 mV and 25°C.  The same conditions and representation 
as pH 7.0, but potential is adjusted for pH dependence of the redox potential of quinone/quinol pool. 
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Figure IV.5 (cont.) 
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Figure IV.6.  Plot of velocity versus [Quinol] for wild-type at pH 6.0, 6.5, 7.0, 7.5, and 8.0 at 24°C.  Initial 
velocity is the initial rate of quinol oxidation, and [Quinol] is the concentration in the membrane.  Initial 
estimates of Vmax and KM were from Eadie-Scatchard Plot, and the plot is fitted in a Michaelis- Menten 
equation.  Transformation of the plot into Lineweaver-Burk plot, 1/v vs. 1/[S], is shown in the inset plot.  
Data for pH 6.0 is not shown. 
 
 The initial rate of quinol oxidation is measured through the initial rate of heme bH reduction 
(OD 561 – OD 569 nm – 0.1 x (OD 551- OD 542 nm)) in the presence of antimycin from pre-steady state 
kinetics. 
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Figure IV.7.  Plot of velocity versus [Quinol] for E295W mutant strain at pH 6.0, 6.5, 7.0, 7.5, and 8.0 at 
24°C.  Velocity is the rate of quinol oxidation, and [Quinol] is the concentration in the membrane.  Initial 
estimates of Vmax and KM were from Eadie-Scatchard Plot, and the plot is fitted in a Michaelis-Menten 
equation.  Transformation of the plot into Lineweaver-Burk plot, 1/v vs. 1/[S], is shown in the inset plot.  
Data for pH 8.0 is not shown. 
 The rate of quinol oxidation is measured through the rate of heme bH reduction (OD 561 – 
OD 569 nm – 0.1 x (OD 551- OD 542 nm)) in the presence of antimycin from pre-steady state kinetics. 
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Figure IV.8.  Electrochromic shift of carotenoids of wild-type and E295 – G, K, W, and Q mutants.  
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Figure IV.9.  pH Titration of the Catalytic Constant of Wild-type and E295 – W, G, Q, and K Mutant 
Strains of Cytochrome bc1 Complex at 24°C.   
 
      The kcat is calculated from Vmax pre-steady state kinetics for wild-type (Fig.IV.6) and 
E295 mutants (Fig.IV.7 – 10): 
 ݇௖௔௧ ൌ ௠ܸ௔௫ ሺ݉݋݈݁ ݁ · ݉݋݈݁ ܾܿଵି ଵ ·  ݏିଵሻ  ൈ ݎܽݐ݁ ݊݋ݎ݈݉ܽ݅ݖ݁݀ ݐ݋ 1 ൈ  ௠௢௟௘ ௕௖ భ௠௢௟௘ ௘ .   
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Figure IV.9 (cont.)       
 
 
Figure IV.10.  Plot of Km vs. pH of wild-type and Glu-295 mutants.  The Michaelis Constant was 
calculated from the Mechaelis-Menten fit of the plot - initial rates vs. quinol concentration (Figures IV.6-
7).  Estimates of Vmax and KM were derived from Eadie-Scatchard plot and used to fit the Michaelis-
Menten equation to the plots.  
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Figure IV.11.  Plot of initial rate of reduction of cyt bH versus Eh for wild-type and E295 – G, K, W, and 
Q mutants at pH 6.0 – 8.0, and 24°C.  Mid-point potential of the ES-complex was calculated by fitting the 
plot to the Nernst equation using 1 n variable Nernst components.      
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Figure IV.12.  Mid-point Potential as a Function of pH for Wild-type, E295 – G, K, W, and Q mutants.  
The data plots were taken from Fig. IV.11 to show the pH dependence of KQH2 for these strains. 
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Figure IV.13.  Redox titrations of cyt bc1 complex of E295G mutant at pH 7.0 and pH 7.5, and 20ºC.   
 
A and B.  Titration curves are fitted into a Nernst equation curve to subtraction of specific wavelengths 
using one, two, or three n components and varying n values Nernst components.  Em1, Em2, and Em3 are 
the calculated redox potentials for cyt bL or cT , bH, and b150 respectively.   
 
C.  Spectra of cyt bL, bH, and cT hemes and b150 of E295G mutant that were calculated from the redox 
titration spectra (A and B).  Spectrum was generated by fitting all the data at each wavelength of the 
spectra to a Nernst equation solution using 4 n=1 Nernst component. 
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Figure IV.13 (cont.). 
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Figure IV.14A.  X-ray crystal structure of cyt bc1 complex from R. sphaeroides (PDB 2QJY) shown in 
stereo view, showing the amino acid residues at the Qo-site and at the heme bL.  The yellow ball-and-stick 
structure is stigmatellin bound at the Qo-site.  Glu-295 and His-152 are shown as ball-and-stick structure 
and are labeled.  The 2Fe-2S cluster is shown in orange and blue ball-and-stick structure.  Heme bL is 
shown as stick structure.  The conserved “PEWY” loop is shown as ball-and-stick structure and colored 
as green, red, blue, and pink respectively.  The structure shows a Qo-site that consists of many 
hydrophobic residues, accounting for a low dielectric environment.  The amino acid residues are colored 
based on the element of atoms unless indicated.  The structure shows that Glu-295 is at hydrogen bonding 
distance to the hydroxyl group of stigmatellin and is occupying the proximal site of the Qo-site (proximal 
site relative to heme bL). 
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Figure IV.14B.  X-ray crystal structure of bovine cyt bc1 complex (PDB 1SQP) shown in stereo view, 
showing the amino acid residues at the Qo-site and at the heme bL.  The yellow ball-and-stick structure is 
myxothiazol bound at the Qo-site.  Glu-271 (Glu-295 in R. sphaeroides) is labeled.  The 2Fe-2S cluster 
and His-161 are not shown because the extrinsic mobile domain of ISP is near the cyt c1 subunit.  Heme 
bL is shown as stick structure.  The conserved “PEWY” loop is colored in ball-and-stick structure as 
green, red, blue, and pink respectively.  The structure shows a Qo-site that consists of many hydrophobic 
residues, accounting for a low dielectric environment.  The amino acid residues are shown in ball-and-
stick structure and colored based on the element of atoms unless indicated.  The structure shows that Glu-
271 is rotated > 130° from the hydrogen bonding distance that is seen in stigmatellin inhibited cyt bc1 
complex structure.  Glu-271 side chain is facing the edge of heme bL. 
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Figure IV.15.  Simulated kinetics of heme bH reduction.  
 A. The rate of reduction of heme bH on rapid mixing of the oxidized complex with QH2 
(equivalent to the state ~150 μs after flash-activation of chromatophores with the Q-pool partly reduced) 
in the presence of antimycin.  This was simulated using the parameters shown in Table IV.8. The 
parameter varied was the rate constant for the diffusional step, kdiff, which had the values shown in the 
graph to generate the kinetic curves shown. B and C. Occupancy of SQ intermediates generated in the 
simulation.  B. Occupancy at positions in the Qo-site distal from (SQd) (black) and proximal to (SQp) (red) 
heme bL for kdiff values in A (note, scale is 10-fold less than that of C).  C. Occupancy of SQ in the distal 
domain at values for kdiff shown in A (full scale is 0.005). 
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